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Hydraulic approximation of infiltration
characteristics of surface structures
on closed landfills
Jouko Saarela
Saarela J. Hydraulic approximation of infiltration characteristics of surface struc
tures on closed landfills. Monographs of the Boreal Environment Research No. 3,
1997
This study deals with hydraulic approximation of infiltration charcteristics of surface
structures on closed landfills. There are several water balance models available for land
fill water balance in different countries but they are not directly usable in Finnish condi
tions or they are too complicated for practical purposes. With the model developed and
tested in this study the different factors in surface structure of landfills can be approximat
ed in Finnish conditions. However, in future it is worthwhile to monitor the results ob
tained by the developed Landfill Cover Approximation Model (LCAM) and to continue
the testing in different situtations because in this work it could be tested only in a limited
scale. The testing and the simulation proved that the model does not need the pF—curve of
waste as an input parameter because the hydraulic conductivity of landfill waste is, ac
cording to earlier studies, so great that the hydraulic conductivity of the hydraulic barrier
is the critical factor in simulations. The main components which have the greatest effect
on the quantity of infiltration into the wastefill are the hydraulic conductivity of the hy
draulic barrier, vegetation, snow removal and the drainage layer. In approximations, de
sign diagrams presented in this study can be used and in the exact analysis LCAM can be
used. For practical purposes different aspects to be considered in the closing of landfills
are also presented. On the grounds of the study, this makes the controlled reduction of
leachate waters of closed landfills possible. Designers of waste management systems can
analyse all the aspects of landfill closure using the modelling results and principles of
greenbuilding presented in this study. Closure of landfills does not need to remain at the
minimum level of environmental protection. By choosing an enduse suitable for the site
and size of landfills, they can be taken into active use and as part of communal landuse.
Keywords: Landfills, sanitary landfills, surface structures, leachate, infiltration, hydraulic
conductivity, water balance of landfills.
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1 Introduction
1.1 Background of the study
1.1.1 General
According to the national landfill register there
were 644 open landfills in Finland in 1994 of
which 446 were used primarily for municipal solid
waste disposal. In the register 1162 landfills were
classified as closed. Due to inadequate registra
tion, the total number of the closed landfills is
probably higher than reported (Table 1, in App. 2).
The number of open landfills in Finland is high
compared, for example, to Sweden where in 1993
there were about 300 landfills (Kettunen 1995).
Finland’s Ministry of the Environment has set a
target to cut the number of landfills to 200—250 by
the year 2000. The aim is to encourage communi
ties to cooperate in waste management and to set
up common landfills. Therefore, for example, the
size of landfills will grow in the future.
It is seen that almost 500 landfills will be closed
in Finland by the end of this century. The great
number of landfills to be closed and the pressure in
organizing their aftercare helped to initiate and af
fect the content of this study. According to the cur
rent trend they will be covered with different kinds
of surface structures. The most important task of
surface structures is to minimize the quantity of in
filtration of precipitation into landfills. Landfills
without a proper surface cover can cause environ
mental hazards with potential aesthetic and hygi
enic disadvantages, the most serious being the con
tamination of groundwaters. For this reason, sur
face structures must be built with care. On the
other hand, there is no reason for extra security in
the surface structures because construction work is
expensive.
In the national survey of closed landfills (see
App. 2) it was seen that landfills did not fulfill en
vironmental requirements concerning design, con
struction, minimization of leachate, landscaping
and afteruse. The observed deficiencies were due
to. the fact that the research of waste management
is a new science and the designers of waste man
agement have not had enough research results on
surface structure design and research available.
Many failures of sludge ponds in landfills that oc
cuffed before dam safety legislation were also be
cause, in general, the structures have not been de
signed and constructed propeily. Landfills can also
contain many kinds of toxic materials, which can
have effects on the structures, for example, on the
vegetation layer, and they must also be taken into
consideration in field investigations and in con
struction work of surface structures.
A multidisciplinary approach is needed in the
research of surface structures of landfills. A
knowledge in several sciences is required, for ex
ample, in environmental geotechnology, geo
technical engineering, waste management, water
resource management, hydrology, geology and
landscaping.
1.1.2 Construction of old landfills
The old landfills were constructed without plans
for the location and foundation of the landfills.
The newer landfills generally have construction
plans that fulfill the requirements at the time of
construction. They are, in general, founded on
natural soil layers. According to Kolehmainen
(1980), 35 % of the landfills are founded on peat
lands. Suomela (1984) has obtained the same re
sults in his research. According to Saarelainen et
al. (1985), probably the greatest part of Finnish
landfills are situated, at least partly, on peat lands
or their near surroundings. In 1970’s and 1980’s
inner and outer ditches, and leachate basins were
constructed for landfills. Bottom liners and un
derdrains were not, in general, constructed in
landfills. Surface structures were poorly designed
and constructed.
According to Tolppanen 0994)154 functioning
or closed landfills are situated on important
groundwater areas or their near surroundings. It is
estimated that 117 of them are landfills for munici
pal wastes and it is known or suspected that 37
landfills contain hazardous wastes. It is estimated
that 71 landfills affect the quality of local
groundwaters. There are 14 landfills for municipal
wastes estimated to be in the areas of groundwater
pumping stations. It is estimated that 10 landfills
containing hazardous waste affect the quality of
groundwaters. In the areas of pumping stations,
probably 17 landfills contaln hazardous wastes
that may affect the quality of groundwaters.
1.1.3 State of closed landfills in Finland
One aim of the survey of closed landfills (Saarela
1994a, App. 2) was to investigate how closed
landfills were covered and to make recommenda
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tions for measures to improve the practice of
landfill coverage for Finnish conditions.
The survey performed in 1990 concerned 157
randomly chosen landfills that contained house
hold and industrial wastes.
The name of landfill, foundation and closing
year, locality, quality of waste, height, area, fail-
tires, material and construction of surface struc
tures, quality control of leachate waters, environ
mental consequences of leachate waters, landscap
ing and afteruse were recorded.
About one half of the landfills was for house
hold and industrial wastes, the other one only for
household wastes, and only a small part of landfills
was for industrial wastes only.
The age of the majority of landfills (about 40 %)
was 15—20 years. The height of the majority of
landfills (about 55 %) was less than Sm. The area of
the majority of landfills (about 40 %) was less than
0.5 hectares. The majority of landfills was covered
by excess soil (about 65 %). Almost all landfills
were closed without any proper closing plans.
Several landfills have had failures due to
stability problems. The majority of landfills (about
80 %) did not have a proper enduse. The landscap
ing of landfills was also, in general, very poor and
the majority of landfills (about 70 %) was not land
scaped.
More than a half of the landfills (about 60 %)
had no quality control of leachate waters and when
quality control of leacbate water was done, it was
very uneven due to the great differences in size,
location and type of landfills. The quality control
could vary from an one-off sample to several annu
ally taken samples.
Part of the landfills (about 20 %) had caused
contamination of groundwaters or negarive changes
in the ground- or surface waters.
In the survey, it was clearly seen that the clo
sure of landfills in Finland did not fulfil the re
quirements of modern landfill technology and the
environmental requirements concerning planning,
construction, minimization of leachate waters,
landscaping and enduse.
Recommendations of the survey were that in
Finland a research project concerning the closure
of landfills should be started and it should develop
and test, among other things, a Landfill Cover Ap
proxiination Model for Finnish conditions. A more
complete sununary of the results of the survey is
presented in App. 2.
1.2 Aims of the study
This study deals with hydraulic approximation of
infiltration characteristics of surface structures on
closed landfills. There are several water balance
models available for landfills in different coun
tries but they are not directly usable in Finnish
conditions or they are too complicated for practi
cal purposes.
The main aim of the study was to develop and
to test such a Landfill Cover Approximation
Model which would make it possible to approxi
mate different factors of the surface structures in
reducing and controlling the quantity of the infil
tration of the annual precipitation into the wastefill
in Finaish conditions.
Another central aim was to simulate the effects
of the thickness and the hydraulic conductivity of
the hydraulic barrier, the thickness and the hydrau
lic conductivity of the surface layer, vegetation,
snow removal and drainage layer to reduce the
quantity of the infiltration into the wastes.
The next aim was to fmd out general points to
be considered in the closing of landfills, which
make the controlled reduction of the leachate wa
ters of closed landfills possible. The aim was also
to develop with the help of the model a design
code of practice for surface structures of landfills.
After reaching these goals, the aim was to
choose a selection of surface structure types for
Finnish conditions using the results of the survey
of closed landfills and earlier research results con
cerning surface structure design in different coun
tries. The attributes of these structures could be
tested by the model.
The aim of the llterature research was to obtain
information on surveying of surface structures de
sign and waste characteristics e.g. stability, com
pression, settlement, compaction, hydraulic con
ductivity of wastes, landfill gas, vegetation and
landscaping.
The aim was also to perform some pilot investi
gations on existing surface structures of closed
landfills for the proper model testing.
When determining input parameters for the
Landfill Cover Approximation Model and the in
vestigation methods to obtain them, it was also in
tended that the model would not need the pF-curve
of waste as an input parameter.
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1.3 Limitations of the study
— In testing the model, the measurements of the
leachate waters could not be done under con
trolled circumstances and impreciseness of the
measurements has caused uncertainty in the re
sults. A more controlled way of testing would
have been to measure infiltration, surface run
off and surface layer runoff separately, but un
der the test conditions of this research this was
impossible.
— Different research and testing methods were
tested only in a limited scale.
— The model concerns natural soils or materials
behaving like them.
1.4 Structure of the study
The structure of the study can be divided to the
following parts (Fig. 1).
— The survey of closed landfills to investigate
how closed landfills were covered and to make
reconunendations for measures to improve the
practice of landfill coverage in Finnish condi
tions.
— The literature research concerning surface
structures and factors affecting them e.g. waste
characteristics, stability, compression, settle
ment, hydraulic conductivity and compaction of
waste, landfill gas, vegetation and landscaping.
— The choice of surface structure types for Finn
ish conditions and preliminary pilot investiga
tions concerning surface structures of landfills.
— The literature research on the modelling of wa
ter balance of landfills.
— The development of the Landfill Cover Ap
proximation Model for Finnish conditions and
its comparison to other models developed in
different countries.
— Tests and simulations of the model and tests of
the chosen surface structure types for Finnish
landfills with the model.
— Design diagrams from the model for surface
structures of landfills.
— Combined results of the study with the aspects
to be considered in the closing of landfills.
— Conclusions, recommendations, and further re
search.
2 Surface structures of landfills and
factors affecting them
2.1 Function and attributes of surface
structures
The risk to human health and the environment
caused by landfilling has become an important
contemporary issue. It is recognised that any
wastes containing contaminants may in turn gen
erate a corresponding quantity of contaminated
leachate. For many sites precipitation is the pre
dominant source of water intrusion. It is therefore
essential to design and construct an effective long
term barrier for the surface.
A cover at a landfill site is an earthwork construc
tion designed to exclude precipitation from con
tact with disposed wastes, to act as a barrier
against human or animal contact with the wastes
and to prevent release of vapours to the environ
ment. Covers are preventive measures used in
most landfills. They are seldom used alone but are
part of an integrated concept of waste contain
ment.
Table 1. Cover functions and attributes (McAneny and Hatheway 1985).
Functions Necessary Attributes
Prevention or Minimization of Promotion of Site Reclamation
Percolation Water Erosion Resistance
Promotion of Aesthetics Wind Erosion Resistance
Suppression of Vectors Stability against Slope Failures
Containment of Gases Stability against Slumping and Cracking
Suppression of Fire Danger Resistance to Cold Weather Distress
Prevention of Blowing Litter or Dust Resistance to Disruption by Animals or Plants
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1 The survey of closed landfills to investigate
how closed landfills were covered and to
make recommendations for measures to
improve the practice of landfill coverage in
Finnish conditions.
V
4
The literature research on the modelling of
water balance of landfills.
8
Combined results of the study with the as
pects to be considered in the closing of land
fills.
Conclusions, recommendations and further
research.
Fig. 1. Schematic diagram of the study. Numbers refer to the study order.
A cover may perform a number of functions, as
listed in Table 1. Fig. 2 shows an illustration of the
major environmental aspects related to landfilling.
Functions along with their necessary attributes are
listed. Attributes pertain mainly to the cover’s own
durability and permanence. The purpose of good
design is to provide these attributes while assuring
the performance of the desired functions.
While all of the functions are important, pre
venting percolation is predominant, because con
tamination of ground- and surface water supplies
is the most serious threat of landfills. Fig. 3 shows
an example of a cover components system.
2The literature research concerning surface
structures and factors affecting them e.g.
waste characteristics, stability, compression,
settlement, compaction and hydraulic
conductivity of waste, landfill gas,
vegetation and landscaping.
3
The choice of surface structure types for
Finnish conditions and preliminary pilot
investigations concerning surface structures
of landfills.
The development of the Landfill Cover
Approximation Model for Finnish conditions
and its comparison to other models
developed in different countries.
1
6 Tests and simulations of the model and tests
of the chosen surface structure types for
Finnish landfills with the model.
7
Design diagrams from the model for surface
structures of landfills.
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Fig. 2. Illustration of the major environmental aspects re
lated to landfilling (Christensen 1989).
Fig. 3. An example of the components of a cover system
(Daniel 1993).
2.2 Special features of landfills
2.2.1 General
Landfills have many special features and they dif
fer considerably from, for example, a mine waste
or a building waste area because in these cases
settlement can usually be controlled with com
paction by earthmoving machinery during the pe
riod when the tip is being built up. A landfill, for
example, suffers considerable settlement by the
decomposition of the organic contents over a long
period of time. The other problem is gas genera
tion in relation to the engineering of landfill recla
mation for buildings and vegetation. These all,
and other features, must be taken into considera
tion in surface structures. Therefore, information
such as the assumed materials of the landfill, its
actual condition, hydrological conditions, stabili
ty, waste characteristics, settlement, hydraulic
conductivity, and gas formation must be obtained.
If some of the above factors are assumed to cause
difficulties in the planning and construction of
surface structures the matter must be resolved.
For example, when the stability of a landfill is not
adequate and failures are expected to occur or if
the landfill is not compacted enough, then the
landfill will probably have great deformations.
Chapters 2.2.2—2.2.7 deal with the results of
different reports concerning waste characteristics,
stability, compression, settlement, compaction,
hydraulic conductivity of wastes and gas forma
tion in landfills, which all must be taken into con
sideration in the design of surface structures for
landfills. The results of different investigations can
vary greatly due to differences in the quality of
waste, investigation conditions and because land
fill research is a new science and does not always
have standardized investigation methods.
2.2.2 Assumed materials, actual
condition and hydrological conditions
of landfills
In the closing of a landfill, the assumed waste
materials, actual condition and hydrological con
ditions of a landfill must be investigated first, for
example:
— quality of wastes and their location in the land
fill
— hydrological and geological conditions of the
landfill
— construction stages of the landfill, layer zones
and hydraulically conductive zones
— filling methods of wastes at the landfill, densi
ty, hydraulic conductivity and homogeneity of
wastes
— weak zones clarified with planning documents,
by investigations, or by earlier documented
Operating landfill
Birds. oenoi
and i,secf a
Surface run—off
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failures or settlements of the landfill or its
foundations
— drainage system and other water conducting
structures and inspection wells.
22.3 Stability of landfills
If the stability of a landfill is not sufficiently
good, other measures concerning the design of the
surface structures cannot be carried out if the sta
bility has not been checked and secured, and if
needed also improved. Then one must ensure,
among other things, that the landfill can stand the
extra weight caused by surface structures without
failure. Stability of the landfill depends on the
strength and the deformation properties of the
ground and the waste materials and the water
pressure in the ground and landfill. According to
Jessberg and Klos (1992), when considering land
fill stability and deformation problems, it is con
venient to identify two basic aspects, external and
internal stability (Fig. 4). External stability refers
to the stress and deformation behaviour of the
waste influencing potential failure zones for all
slopes (temporary and final), and in the surround
ing of the waste body both during and after the
operational phase. It also refers to the sliding re
sistance of lining systems. Depending on the type
and composition of the lining system, interfaces
between different lining elements with low shear
resistance may occur, leading to a shear failure
along these zones. Internal stability relates to
placement criteria of wastes which are not placed
within external stability zones.
External a Intarnal
Stability j Stability
Capping
Basal Using
Fig. 4. Inner and outer stability of a landfill (Jessberger
and l<los 1992).
According to Cancelli (1989), heterogeneity, na
ture and size of different components of urban
wastes do not allow easy and reliable determina
tion of drained shear strength parameters to be in
troduced into stability analyses. The little data
collected from literature is plotted and compared
in Fig. 5; on this basis, the following values of the
effective shear strength parameters may be as
sumed for a routine design; the angle of friction =
25a._26a; and cohesion limited to a maximum of
30 kPa.
02
MPa
8
C’)
Fig. 5. Summary of effective stress envelopes for landfill
wastes (Cancelli 1989). Sources of data: (1) from labora
tory tests (Fang et at 1977); (2) extreme values from lab
oratory tests (Fang 1983): (3) suggested values for land
fill design (Oweis at at 1985); (4) extreme values sug
gested by STS (1985): (5) suggested values (Chen
1986): (6) back-computed values (Tonteri and Lindroos
1987): (2), (3), (4) after Oweis and Khera (1986).
According to Petajb (1985), from back-computed
calculations of failures of landfills, the angle of
friction of wastes can be supposed to be 34”38”
and the cohesion 0. These values are equivalent to
dense sand and loose gravel.
Dulpancic et at. (1987) have used a value of 31 a
for the angle of friction, and cohesion of 0 in the
design of surface structures of a landfill for hazard
ous wastes.
According to Seed (1994), the ranges of the an
gle of friction for “common municipal waste”, cur
rently used in recent U.S. practice, appear to be
from 20 to 40g.
According to Saarelma (1979), the most prob
lematic waste materials in a landfill are sludges
and clays. These materials can be placed in ponds,
which are covered with waste. If they are on
slopes, they can cause weakness zones. Their
angle of friction is small when they are placed
in a landfill, they behave abnost like liquids.
The bulk unit weight of soft clay and sludge is
0.1
Naratat stress 5
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11—14 kN rn-3.When they are covered with another
material mass, their consolidation starts. The proc
ess of consolidation depends on drainage condi
tions among other things. The best materials in
landfills are non-cohesive soil and ash. Bottom
slag can be used instead of gravel. Its compacted
unit weight is 13—16 kN nv3 and the angle of Mc
tion 350_400.
According to Saarelma (1979), the dry unit
weight of compacted landfill waste material was 3—
5 kN m3. According to the three-axial compression
test on waste materials the angle of friction was 200
and cohesion 70 kN m2. However, in a landfill the
properties of wastes can change. In the Iso-Huo
palahti landfill in Helsinki, it was found by Saa
relma (1979) that at the depth of 20 m the bulk unit
weight of waste was 17—19 kN an3 and near the sur
face 12 kN m3. From the resistance of drilling it
was estimated that the strength of waste at the depth
of 20 mis equal to that of soil, which has an angle of
friction 42°—45° and near the surface 32°—36°.
In Finland failures in landfills have occurred. In
autunm 1985 there was a failure in the Mankkaa
landfill. It was caused by placing loose soil masses
on the landfill (Tonteri and Lindroos 1987, Viatek
Oy 1990). In the Iso-Huopalahti and Vuosaari
landfills there have been failures due to the wrong
ful placing of loose soil masses in the 1980s. Be
fore dam safety legislation in Finland there have
been several failures of sludge ponds in landfills
(Saarela 1990a). Reasons for the failures have
been inadequate design, construction and overfill
ing of dams.
Fang (1995a) has dealt with the landfill slope
stability analysis. An overall system of stability of
slope of landfill is presented in Fig. 6.
Identification and Engineering Degree of Sensitivity
characterization r Behaviour and Decomposition
Remedy Actions
I j
Fig. 6. Stability of the slope of a landfill-genetic diagnosis
approach (Fang 1995a).
According to him, slope stability analysis inland-
fills relates to two cases i.e. fill and cut condi
tions.
Case 1. During the waste disposal process, the
slope at the landfill site is in the fill stage. One
needs to know how high the landfill can be made
without slope failure. In this situation the critical
height (Hj of the slope is the most important fac
tor. (Fig. 7a).
Case 2. When old or abandoned landfill sites
are to be developed for other purposes, such as
commercial parking lots, recreation parks, or as
part of highway routes etc., excavation into the
landfill is sometimes necessary for construction
purposes. In such a case, it is the slope angle (5)
that is important (Fig. 7a).
In general, landfill slope failure is similar to
slope failure in earth or rock slopes apart from the
exceptions caused by highly nonhomogeneous
materials and a nonuniform decomposition proc
ess, and the types of failure also.include falls, slips
and slides. Falls and topples are due to lack of co
hesion between loose waste pieces.
Slope failure potential is directly related to
the compaction control during the waste dispo
sal process. The better the control of the com
paction, the less is the risk of slope failures.
Fig. 8 illustrates some typical landfill slope
failures:
(a) differential decomposition due to weathering
(Fig. 8a.
(b) lack of cohesion between two or more waste
materials (Fig. 8b)
(c) hydrostatic or environmental forces acting on
decomposed or loosened waste pieces (Fig.
8c)
(d) different decomposition and differential set
tlement causing slope cracks and falls (Fig.
8d)
(e) chemical corrosion of some supported waste
material erodes the support and results in fail
ure (Fig. 8e).
Characteristics of waste which lead to slope sta
bility problems include:
— highly nonhomogenous materials
— nonuniform decomposition processes
— nonuniform rate of settlement (high differen
tial settlement).
— the waste itself is an unstable material and
cannot take both vertical and horizontal loads.
— pore water pressures are varied.
Based on the nature of waste and the characteris
tics of landfill sites three basic problems must be
evaluated:
— complex material composition
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— complex geometry of the landfill site
— complex and adverse environments.
The numerous computer programs that have been
developed for slope stability analysis for landfill
sites include Chen (1986), Dvirnoff and Munion
(1986). Those programs which consider seismic
analysis include Anderson et al. (1992) and Seed
and Bonaparte (1992).
It is seen from the above results that strength pa
rameters of wastes can very much vary so that the
angle of friction is 200_450 and the cohesion 0—70
Fig. 7. Effect of waste dumping procedures nn stability of
landfill slopes. Dumping uniformly: equal settlement-sta
ble slope (a), dumping irregularly: (Case I) differential set
tlement-relatively stable slope (b), dumping irregularly:
(Case II) differential settlement-unstable slope (c) (Fang
1 ggsa).
Fig. 8. Failure modes of landfill slopes. Differential de
composition due to weathering (a), Lack of cohesion be
tween two or more waste materials (b), hydrostatic or en
vironmental forces acting on decomposed or loosened
waste pieces (c), differential decomposition and differen
tial settlement causing slope cracks and fall (d), chemical
corrosion erodes the support and results in slope failure
(e) (Fang lgg5a).
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kN m2 depending on the composition of different
components, such as their compactability, daily
cover, moisture absorption, age and state of de
composition. Compared to the values presented by
Petaja (1985), obtained by back-calculated fail-
tires of landfills, it can be said that they rep
resented the mean values for the angle of inter
nal friction (34°—38°). Cohesion was zero. How
ever, according to Zadroga (1994), the angle of
friction decreased with time. According to differ
ent sources collected by Zadroga, the angle of in
ternal friction might be assumed to be 400 for new
waste, for five year old waste it was 30°, for ten
year old waste it was about 25°, for 20 year old
waste it was about 23° and for 30 year old waste it
was about 20°. The angle of internal friction of old
and completely decomposed waste might be 18°.
In summary, the investigation into the stability
of a landfill is very important because, for exam
ple, all the major landfills (Iso-Huopalahti, Mank
kaa, Vuosaari) in the Helsinki area have had fail
ures (Saarela 1994a). They may have occurred
because the stability has not been taken suffi
ciently into consideration in the placing of waste
materials. The stability of the landfill can be im
proved by making slopes more gentle by a differ
ent arrangement of the waste and making the waste
body lower. Saarela (1990b) has dealt with the im
provement in the stability of slopes and other
methods of rehabilitation of tailing areas of mines.
The same principles can be also used for the im
provement of slopes of landfills.
Also, landfill mining must be taken into consid
eration for the improvement of slopes of landfills.
It is a concept being introduced into integrated
solid waste management recently. It includes re
covery of soil masses and processing of excavated
material from old landfills to recover recyclable
materials and to reduce landfill space. It is also
possible to recycle various materials and to re
cover energy from the incompletely degraded
waste in incineration plants, or to produce biogas if
the material should be landfllled again in a more
modern landfill.
The materials that can be of interest for recov
ery are:
— wood for the production of wood chips
— bricks, stone and mortar material for road con
strnction
— concrete waste for crnshing into base material
for roads, and
— metals such as iron, copper, aluminium, etc.
2.2.4 Compression and settlement of
landfills
A schematic diagram illustrating the settlement
potential versus time in a landfill area is presented
in Fig. 9. According to Fang (1995a), Terzaghi’s
one-dimensional consolidation theory covers
only a part of this settlement behaviour, because
the theory is based on loading, i.e. mechanical en
ergy. In landfill areas, the decomposition process
involves multi-media energy fields including bio
logical and physical-chemical processes. The cur
rent practice of settlement prediction is still based
on the Terzaghi theory with modifications to
overcome the environmental effects on future set
tlement.
Sowers (1973) suggested that continuing settle
ment of landfills is analogous to secondary com
pression of soil. The settlement with respect to time
and depth of fill was described by him as follows:
tIN = a-log(--)
where
tIN =
a =
total settlement (m)
coefficient which depends on field
conditions
a = 0.09e (for conditions favourable to -
decomposition)
a = 0.03e (for unfavourable conditions)
N = fill depth (m)
e = initial void ratio
= time (years)
(1)
Yen and Scanlon (1975) suggested that settlement
rate can be computed by the following equation:
m=_øL JSLlog (t)1+e t 1
where
m = settlement rate (feet per month)
t = time elapsed (months)
(2)
Other notations in Eq. (2) are the same as defined
in Eq. (1).
Due to the nature of the problem, the settlement
analysis of landfills cannot be solved by math
ematical equations. Semi-empirical methods such
as equations (1) and (2) may be the best approach
at the present time.
The settlement of landfills continues gradually
after closure, due to the long decomposition time
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of organic material. The theory of one-dimen
sional compression and consolidation is generally
used in the estimation of the settlement (Oweis
and Khera 1986; Saarikoski et aL 1981). The cal
culation of settlement, however, has been devel
oped during the last few years. Edgers et al.
(1992) have developed a so-called biological
model for the calculation of settlement in a land
fill. It is a mathematical model based upon both
soil creep processes and bacterial growth kinetics.
Bacteria are assumed, after an adjustment period
of slow growth, to increase exponentially with
time. A comparison of the field settlement data
with model calculations shows good agreement.
This suggests that the biological model may be
useful for predicting long-term settlement data in
landfills.
Sohn and Lee (1994) have presented a predic
tion method of long term settlement of landfills.
According to their results, landfills undergo settle
ment at a significant rate under self weight for sev
eral decades. The model parameters were obtained
through analysis of reported long term settlement
data. It is shown in their research that the settle
ment rate result is uniquely determined in terms of
the height and age of the fill.
According to Crawford and Smith (1985), gen
eral experience has shown that a waste layer com
pacted to an average density of about 0.6 t m
will probably compress 10 % or less. Most com
pressive settlement will occur within 10 years after
the placement of the waste, although the settlement
may not be finally completed for up to 30 years.
According to the Frantzis (1991), the total com
pression of wastes is 25 % of the total height of the
landfill and most of it happens within 10 years.
Kissida (1991) reported the settlements of the
greatest landfill in the northeastem part of the USA
(Danahy Park, Cambridge, Mass.). The settlement
of the landfill was found to develop logarithmi
cally. It means that on average 25 % of the settle
ment develops within 6 months, 50 % within 5
years and 100% within 20 years.
The settlement of the foundation of the landfill
can be considerable. According to Petaja (1985),
the settlement of the Iso-Huopalahti landfill in
Helsinki was 3.5 m. It is built on soft clay, of a
thickness of 15 m. In the peat areas relative settle
ment can be even more.
Preliminaoy Settlement
(Terzaghi Consolidation Theory)
N
Settlement due to Loading
(Mechanical Energy Field)
Biological Process f
Settlement due tulDecomposifion
Energy Field)
Physical - Chemical
Time (Log Scale)
Fig. 9. Schematic diagram illustrating settlement versus
lime tor a degradable material (Fang 1 995a).
According to Scherbeck and Jessberger (1993),
the centrifuge model tests suggest that deformed
compacted mineral liners are no longer effective
hydraulic barriers when cracks occur. Depending
on the plastic behaviour of the liner material, ten
sion cracks may appear, leading to an uncon
trolled leakage through the liner; presence of
overburdening loads will suppress this tendency.
Cressman et al. (1992) conducted a laboratory in
vestigation into the effects of subsidence-induced
distortion on the hydraulic conductivity of unrein
forced finegrained landfill covers or caps. The
problem setting, mechanical models and behav
iour of soil under flexure and tension are dis
cussed. Based on the results of the study and ob
servations made during the laboratory testing,
several conclusions could be made. In general,
subsidence distortion may have a significant ef
fect on the hydraulic conductivity of unreinforced
clay liners. The ability of the caps to resist the in
duced deformation relies on the shear and tensile
strength of the cap materials as well as on their
stiffness. These properties vary with the plasticity
or clay content of the material. However, the
strength is also influenced by its particle structure
which is controlled by the compaction moisture
content and furthermore, variations in tensile
strength, shear strength, and stiffness with mois
ture content are not coincidental.
2.2.5 Compaction of landfills
According to Fang (1995a), among the factors re
lating to the stability and safety of landfills, the
compaction control during the waste disposal
process and the slope stability of a landfill during
and after construction are the most important from
C
g
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an engineering point of wiew. Further considera
tion of these two aspects is included together with
suggested methods for the improvement of the ef
fectiveness of the stability and landfill sites.
The “old fashioned” approach to waste disposal
is when waste is delivered daily by truck and
dumped into a landfill site. In some cases it is
spread to make a thin layer, mixed with some earth
material and compacted by conventional compact
ion equipment. This is done to cover up an unat
tractive landfill site or to minimize odour or to pre
vent animal and bird vandalism.
Compaction or densification is a simple and
low-cost mechanical process for all types of con
struction. The main purpose of this process is to
change loose material into a denser state for the
following reasons:
— to reduce future settlement
— to increase bearing capacity
— to increase shear strength
— to reduce hydraulic conductivity.
In a landfill area when proper compaction is ap
plied it can also reduce the potential fire hazard.
The smaller the amount of air that is trapped in
the landfill the smaller is the potential for com
bustion of the waste.
The process of surface compaction plays an im
portant role in stabilizing the landfill. However, it
requires planning during the waste disposal proc
ess period:
— waste comes in all types and it cannot be uni
formly distributed in the whole landfill. How
ever, within limits, it can be distributed uni
formly within a layer (Fig. 7a)
— with non-uniform spreading the heavier items
should be dumped close to the centre of the land
fill for the purpose of controlling the stability of
the fill (Fig. 7b). It is good to avoid dumping
them around the edges of the landfill (Fig. 7c).
Petajh (1985) reported the results from compaction
tests of household wastes. The steel wheel com
pactor was a TANA S 8. In the test, there was not
much additional compaction after 4 compaction
runs. The number of the runs depended on the
thickness of the waste layer. For waste layers less
than 1 m, 4—5 runs were needed. For waste layers
between 1.5—2.0 m, 6—8 runs were needed. Ac
cording to the results, waste layers over 2.0 m must
not be used, if efficient compaction is the aim.
2.2.6 Hydraulic conductivity of wastes
Hydraulic conductivity of landfill waste materials
can greatly vary. According to the studies of the
EPA (1983), the hydraulic conductivity of waste
varied between 10-s m sL407 m s1. These hydrau
lic conductivities did not include any background
information on waste characteristics, for example,
the state of compaction. According to Fang (1983),
with waste specimens of different compaction de
grees, it was found that the hydraulic conductivity
of waste varied between 1.5 104ms’—7.1 .10-8
m s’. Dry unit weights varied in the range of 6 kN
my3 — 11 kN m3 and they correlated well with the
hydraulic conductivities.
According to Canziani and Cossu (1989), the
range of hydraulic conductivity values varied from
Table 2. Summary of hydraulic conductivities of landfill wastes according to different sources.
Hydraulic conductivity Obs. Source
m
51
10— 10 Background information EPA (1983)
about wastes not known
1.5 . 10k— 7.1 108 Different compactions, unit weight Fang (1983)
6 kN m3—11 kN an3
10 Non compacted waste Canziani and Cossu (1989)
10_s Compacted fine waste Canziani and Cossu (1989)
5.9 104 10 Heavily compacted landfill Ettala (1987a)
2.1 — 2.5 . 10 Slightly compacted landfill Ettala (1987a)
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l0 m l for non-compacted waste down to 106 m
for fine compacted waste. Similar values have
been observed also by Ettala (1987a). According
to him, a field investigation on infiltration and hy
draulic conductivity were canied out on two dif
ferent landfills differing in their disposal technol
ogy. At both sites the infiltration rate mostly ex
ceeded 1 mm min’, and surface runoff was small.
The estimated saturated hydraulic conductivity
of the heavily compacted landfill was
5.9 l0 — 4.8 . 10-i m s1 and that of the slightly
compacted landfill was 2.1 — 2.5 10 m Be
sides, depending on the disposal technology, the
hydraulic conductivity also varied between dif
ferent parts of the same landfill. Table 2 shows, in
summary, hydraulic conductivities of landfill
wastes according to different sources.
In sununary, the hydraulic conductivity of
wastes can very much vary due to the composition
of various components, compactability, contribu
tion of daily cover, moisture absorption, age and
state of decomposition. Almost in all investiga
tions, one has obtained a value for the hydraulic
conductivity of waste which can be classified, ac
cording to Helenelund (1979), to the range of me
dium hydraulic conductivity. Hydraulic conductiv
ity has significance for the generation of leachate
water and it is also important in the design of sur
face structures.
2.2.7 Landfill gas
Formation of landfill gas
Landfill gas must be considered in the surface
structures due to its effects on vegetation, build
ings and also for utility use. Landfill gas results
mainly from the anaerobic decomposition of or
ganic material in anaerobic processes. The main
components of landfill gas are methane and car
bon dioxide, and it also contains a little nitrogen
and oxygen. Methane is a colourless and odour-
less gas. The foul smell of landfill gas insitu is
caused by mercaptanes and hydrogen sulphide.
According to Crawford and Smith (1985),
waste is aerobic immediately after tipping, i.e. air
pockets exist in the fill. The initial decomposition
of the waste is via aerobic biological processes.
Bacteria do not grow in dry conditions, so biodeg
radation only starts when the landfill is moist. The
waste inherently contains moisture but this may be
increased due to wet milling or because the waste
has been exposed in the rain at a transfer station.
Once biodegradation has started, the oxygen in the
tip is soon exhausted. As no free oxygen replenish
ment is available, the tip becomes anaerobic.
According to Pipatti et al. (1994) and Pipatti
(1994), landfills and treatment of waste waters
cause a considerable part of methane release in Fin
land. Half of the methane release into the atmos
phere caused by human activity is from landfills
and waste water treatment plants. However, the re
lease estimation is uncertain. The releases may be
even greater. On the other hand there are also opin
ions, based on conditions in Finnish landfills, that
suggest methane emission may be smaller (Ettala et
al. 1988a; Salmikangas and Laukkarmnen 1990).
All methane does not go into the atmosphere be
cause oxidation of methane to carbon dioxide and
water occurs in the surface layer. There are different
opinions on the amount of oxidation that takes
place. According to Thorneloe (1993), methane
coming out from cracks in the landfill spends such a
short time in the surface layer that there is no time
for oxidation. According to Bogner and Spokas
(1993), it was proved in laboratory research that a
maximum of 10 % of methane oxidized in circum
stances that simulated the conditions of the landfill.
On the other hand, in tests made in the Nether
lands, it was proved that bacteria can oxidize al
most all methane which is leaking from earthgas
tubes. Since a part of the methane oxidizes in the
surface layer anyway, it is useful to study the use
of compost or other material as a biofilter on the
surface of the landfill especially on small landfills.
On a global level, methane emission from landfills
to the atmosphere is supposed to be 8—18 % of all
the methane released into the atmosphere
(Bingemer and Grutzen 1987).
Landfill gas containing methane is explosive at
an atmospheric concentration of 5—15 % by vol
ume. If such quantities accumulate in buildings
which are on landfills, there is the likelihood of an
explosion. In UK there have been several such ex
plosions. In Finland such an explosion has oc
cuned on the Mankkaa landfill in 1977 (Saare
lalnen, 5. 1990, personal communication, Techni
cal Research Centre of Finland). In Turkey there
was a similar explosion in 1993 and several people
were killed. (Gtiler and Avci 1995).
According to Ettala et al. (1988a), the quallty of
waste, gas, leachate and water was examined at five
landfills in southern Finland. The methane contents
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of the gas were low, 22 % vol. The moisture con
tent and organic matter fraction of the waste were
lower than the optimum for the methanogenic
phase, which can be attributed to the use of too
much covering soil. The concentrations of chlo
rinated hydrocarbons in the gas were well below
the threshold limit value. The leachate should be
analysed for estimates of the pollutant load on the
receiving waters. The quality of the water in the
waste indicates the degradation stage of the waste
and reveals sources of groundwater pollution.
Landfill fires are common in landfills in Fin
land. Tn 1987—1989, there were approximately 360
fires annually. Toxic organic compounds may be
released in landfill fires (Viatek Tapiola Oy 1993).
Effects of landfill gas on buildings and
vegetation
The problem of landfill gas emissions from land
fills is associated with buildings and vegetation.
Where possible, gas-generating fill should be re
moved from below any proposed building and re
placed with inert material, this also answers the
question of settlement. If it is not possible to re
move the waste, the design and the actual con
struction of the building should be such that gas is
prevented from entering the building (Crawford
and Smith 1985).
According to Matsufuji et al. (1991), an old
landfill was converted to a plot for a junior high
school in Fukuoka, Japan. The procedure of site
investigation for collecting data on the characteris
tics of the land for new use is presented in the re
search. Also, different measurements were taken
for research into ground subsidence and corrosion.
This case study is one of the first investigations of
this kind in Japan and is regarded now as the stand
ard procedure to take for the land of an old landfill.
Clark (1994) has researched landfill gas protec
tion measures for industrial developments. In his
research, types of gas protection measures for in
dustrial buildings are reviewed and the criteria for
selecting a particular type are discussed together
with a brief sununary of currently available guide
lines in the UK. Examples are given of the various
components of a system including membranes,
vented granular blankets, undercrofts, passive and
active venting, instrumentation and control systems
and precautionary gas detection inside the building.
Landfill gas has the following main effects on
vegetation (Crawford and Smith 1985):
— it can destroy soil structure and causes poor
drainage,
— it can be toxic to most plant species and
— it can cause oxygen depletion which results in
reducing conditions.
Landfill gas migrates upwards into overlying
soil and also horizontally into the surrounding
ground. A gas collection system should be in
stalled beneath the waste material or the restora
tion should be delayed until gas production de
clines to an acceptable level, typically 5—10 years
after tipping.
Duell et al. (1986) have investigated the effects
of landfill gas on vegetation. They found out that
where grasses fail, the planting of trees without a
gas barrier can not be attempted. The success of
grass growth does not guarantee tree survival any
way. In the absence of a methane or carbon dioxide
detector, the foul odour and dark appearance of
deeper soil are good indicators of anaerobic soils
that will not support plant growth. The rust-red
line of iron oxide delineates the aerobic soil from
anaerobic soil below.
Utilization of landfill gas
Finnish landfills produce yearly on average 5—12
m3 landfill gas per ton of waste during a period of
20 years (Vaisanen, P. 1994, personal communica
tion, M.M. Karanoja Ltd.). After that period the
production becomes weaker but continues for
about 50 years. During this period of time landfills
produce on average 150 m3 gas per ton of waste.
However, the circumstances at the landfill have a
great effect on gas production. The conditions are
affected by the composition of the various waste
components, their compactability, contribution of
daily cover, moisture adsorption, age, state of de
composition and temperature and, for example, if
the waste has dried, the gas production can be con
siderably less compared to moist waste.
In 1994 landfill gas production at the Vuo
saari and Seutula landfills was about 5 in3 gas
per ton of waste. For energy production 40 % is
used yearly. In the Seutula landfill the percent
age used is higher (60—70 %) due to good sur
face structures, which are 2 metres thick.
According to Tanskanen (1992) and Pelkonen
et al. (1992), the impermeabillty of the surface
layer is very important in the collecting of gas. It
was seen that after rain, when rain had sealed the
surface layer, the effective radius of landfill gas
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pumping was sometimes two times greater than
during dry weather.
The duration of good gas production is esti
mated to be 20 years but it continues after that for
about 30 years and so gas production continues for
about 50 years in all.
Vaisiinen (1987, 1993, 1995) has dealt with the
utility use of landfill gas in Finnish conditions and
reported that there is great potential for a landfill
gas utility in Finnish landfills.
Results of the methane, hydrogen suiphide and
oxygen measurements conducted in this research at
Iso-Huopalahti, Mankkaa and Vuosaari landfills
are presented in App. 1. According to the re
sults, methane was measured from several points
of all landfills. There were no gas removing sys
tems in the landfills. Also, the smell of landfill
gas was observed in some parts of all landfills.
In summary, in the design and construction of
landfill surface layers, the risks of landfill gas af
fecting vegetation and causing explosions in build
ings can be prevented by using gas leading struc
tures or by removing the waste which causes it.
The impermeability of the surface layer is very im
portant in the collecting of gas.
2.3 Materials used in surface structures
of landfills
2.3.1 The use of soil materials
Natural soils are mostly used in the surface struc
tures of landfills. They are often found in the
landfill surroundings and they are also relatively
inexpensive. In the design of surface structures,
all the geotechnical aspects and factors which af
fect the growth of.the vegetation should be taken
into consideration. The hydraulic conductivity of
the hydraulic barrier is the most important factor
in the surface structures because its main purpose
is to prevent the infiltration of precipitation to the
wastes. Qualities of natural soils can be improved
for example by bentonite, fly ash and bitumen.
Also wastes, geomembranes, geotextiles, geosyn
thetic clay liners (GCLs) and bentonite mixes can
be used.
According to Knox and Gronow (1993), there
was always some amount of infiltration through
surface structures made of clay. The amounts will
increase if the clay dries. In 12 landfill studies,
mainly in Europe and USA, it was seen that the in
filtrations varied from 0—200mm a-’. Mostly, infil
tration was 10—150 mm a-’. By covering the clay,
which prevents the clay from drying and by mak
ing a drainage layer which conducts infiltrated wa
ter away, it is possible to achieve a very slow rate
of infiltration into the waste.
Sarsby and Wiffiams (1995) have researched
the selection of soils for compacted clay lining.
Using a soil property database, an attempt has been
made to correlate the influence of various soil pa
rameters with hydraulic conductivity for soils
compacted at optimum moisture content.
After the construction of a landfill the greatest
danger to surface structures are cracks in the hy
draulic barrier caused by settlements and frost ac
tion. Though a landfill may be compacted well, the
decomposition of the organic material may cause
displacements and settiements in the surface struc
ture. According to Miller and Mishra (1993), the
waste contents of landfill waste relies on the hy
draulic characteristics of the liner system. One im
portant failure mechanism for clay cover liners is
the development of macro-pores, resulting from
desiccation, freexe-thaw cycles, and animal activ
ity. This type of failure can lead to additional prob
lems with the synthetic liner and gas migration.
Most important, however, is the additional volume
of moisture that enters the waste through the
macropore openings of the cover liner.
There are several numerical models currently
capable of simulating moisture transport through
cover liners and leachate percolation through the
waste. However, the models, in general, do not in
corporate the potential failure of cover liners and
the resulting leachate generation. Therefore, pre
dictions from such models should be reviewed
cautiously. As such, it is likely that the models are
most applicable to the early stages after placement.
For later stages, the leakage estimates provided by
these models are expected to underestimate the ac
tual field condition. That is also the case in the
Landfill Cover Approximation Model (LCAM).
One solution to this can be geomembranes,
geosynthetic clay liners and bentonite mixes,
which endure great deformations without increase
in the hydraulic conductivity and are much better
than, for example, clay.
In this research some investigations concerning
surface parts of closed landfills were made. In the
weight sounding tests conducted at Iso-Huopalahti,
Mankkaa and Vuosaari landfills, resistance of the
tests varied considerably on landfills at different
points and they could be classified, according to the
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weight sounding tests, from loose to tight (Tie- ja
vesirakennushallitus 1970). Difficulties in penetrat
ing wastes, for example, pieces of concrete, made
weight sounding tests difficult at almost all in
vestigation points Therefore, light multiple-use
drills were not suitable for landfill investigations.
Hydraulic conductivity of the surface samples (0—
25 cm) at Iso-Huopalahti, Mankkaa and Vuosaari
landfills varied by 1060_1088 m s’, water content
by 15.3—86.9 % and dry unit weight by 8.6—16.5
kNm3 (App. 1).
In the moisture measurements, made by the
neutron tube in this research at the surface parts of
Iso-Huopalahti, Mankkaa and Vuosaari landfills, it
was seen that the greatest changes in moisture in
different seasons were in the surface layers of a
depth of 50 cm at the top and on the slope of the
landfills (App. 1).
Materials of closed landfill surface structures
in the survey of closed landfills (App. 2) clas
sified by the regional environment centres are pre
sented in Table 3.
2.3.2 The use of industrial wastes and
other similar materials
Industrial waste materials or by-products may be
worth investigating as cover components in cer
tain areas where they are abundantly available
and inexpensive. The greatest quantities of poten
tially useful inorganic industrial waste materials
are generated in the mining and metallurgical in
dustries, including mine and pit wastes, mill tail
ings, furnace slag and others. In general, the
coarse-grained waste materials may be useful in
the permeable and loadbearing portions of cover
systems. The finer waste materials are usually not
useful in cover systems because of their undesira
ble non-plastic properties.
According to Havukainen (1983), coal ash can
be used in earth works as a substitute for uncrushed
natural aggregates. Ashes can be classified by type
as fly ash, dry bottom ash and dry bottom boiler
slag. Planning, construction and control instruc
tions are given for improving the conditions for the
utilization of ashes. The data are based on the re
salts of investigations and construction experi
ments made at coal-fired power plants in the city of
Helsinki. Structures made of coal ashes possess
good strength properties, and they are lighter in
weight and afford better thermal insulation than
natural aggregates. The strength and loadbearing
properties of the hardening type of fly ash improve
with age, which enhances their value in the con
struction of demanding earth works..
Sarsby and Finch (1995) have had a preliminary
experimental investigation into the utilisation of
two readily obtainable waste materials to make a
suitable alternative landfill final capping material
for waste disposal landfill sites. The waste materi
als which were chosen because of their wide spread
availability were, pulverised fuel ash and papermill
sludge. By combining these two byproducts a ma
terial was obtained which came close to satisfying
the requirements for a capping material, i.e. low
hydraulic conductivity and plasticity. The addition
of small quantities of bentonite to achieve complete
satisfaction of the capping requirements, and pro
duce a more workable material, was also investi
gated. The individual materials, and various mixes,
were subjected to compaction, classification and
hydraulic conductivity tests. The resultant data
have been promising and used to identify suitable
mix proportions for further research.
According to Bowders et al. (1987), two class
fly ashes from power stations located in West Vir
ginia were stabilized by adding various percentages
of either lime or cement. Test specimens were sub
jected to compaction, unconfined compression,
vacuum saturation durability and hydraulic con
ductivity tests. Results from the testing showed that
adequate strength and durability can be achieved
with sufficient stabilizer contents and curing. Hy
draulic conductivity decreased with increasing
amounts of stabilizer. The findings suggest that sta
bilised fly ash could serve as an alternative to clay
soils in seepage cut-off applications in earthdams,
impoundment liners, and landfill liners.
NCASI (National Council of Paper Industry for
Air and Stream Improvement, Inc.) (1989) has
studied the use of pulp and paper mill solid wastes
in landfill cover systems. Based on the results of
physical and chemical characterization, it is con
cluded that several of the sludges and one fly ash
tested represent potential alternatives to clay for
use as hydraulic barrier material in landfill covers.
Two of these sludges have been selected for use in
constructing hydraulic barrier layers in 2500
square foot landfill simulators located near
NCASI’s Central-Lake States Regional Center in
Kalamazoo, Michigan. The simulators will allow
the effectiveness of these sludges to be examined
in the field over a period of time adequate enough
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to verify their suitability as substitutes for clay in
the barrier layer of landfill covers.
According to Zimniie et al. (1995), a paper mill
sludge from a paper manufacturing operation was
substituted as the hydraulic barrier for landfill cov
ers in Massachusetts. The study investigates the
geotechnical properties of the paper sludge. Paper
mill sludges have a high water content and have a
high degree of compressibility. Composed of 50 %
kaolinite and 50 % organics, the sludge behaves
like a highly organic soil. Paper fibres and tissues
throughout the sludge created problems in testing,
e.g. trimming and setting.
Triaxial shear strength tests were conducted on
undisturbed samples. A large variation in the
strength parameters resulted from the nonuniform
mix of the sludge in the landfill. In general, labora
tory hydraulic conductivity tests conducted on
insitu specimens met the 10-u m requirement for
landfill covers. Freezing and thawing cycles in
creased the sludge hydraulic conductivity about
one order of magnitude. Maximum hydraulic con
ductivity changes occurred within ten freeze-thaw
cycles.
According to McAneny and Hatheway (1985)
asphalt has been used in hydraulic barriers in USA.
However experience with asphalt in cover sys
tems is limited. In the survey of closed landfills
(Table 3 and App. 2) it was found that in Finland
asphalt was used on the surface structures of one
landfill.
In summary, many wastes are usable in the sur
face structures of landfills. In the survey of closed
landfills (Tab. 3 and App. 2) it was seen that in
only some landfills were waste materials, such as
ash and wastes of the forest industry, used on the
landfill cover. Therefore in the future, research
concerning the use of wastes in surface structures
should be increased. In Finland, special research
concerning the use of wastes from the pulp and pa
per industry should be started.
2.3. Geomembranes, geotextiles and
bentonite
According to McAneny and Hatheway (1985),
geomembranes have been used as pond and la
goon liners for several decades, but their use in
cover systems is relatively new. Traditionally, the
seams have been regarded as the weakest link in
the geomembrane. However, high-quality seams
are commonly achieved by modern seaming
methods and quality-control practices. Also, the
consequences of small leaks are less serious in a
cover generally overlain by unsaturated soil, than
in a liner generally overlain by free liquid.
Geotextiles, or synthetic geotechnical fabrics,
are the permeable counterpart of geomembranes.
They are uncoated synthetic textile products that
can be incorporated into engineered structures
where a watertight structure is not desired. Geo
textiles fulfili five basic functions: filtration,
drainage, separation, reinforcement and armour
ing. Geotextiles may find applications in several
portions of cover systems other than in the hyd
raulic barrier member for which geomembranes are
suitable.
According to Hoeks and Ryhiner (1989), ben
tonite liners used for surface capping proved to be
completely impermeable over a 3.5 year period in
spite of large settlements. For surface capping
Hoeks et al. (1987) recommended a bentonite con
tent of at least 5 weight -% and a layer thick
ness of at least 15—20 cm. Higher bentonite con
tents are recommended for bottom liners, as ben
tonite liners are more permeable for contaminated
leachate from a waste disposal site than for clean
water.
Sjoholm et aL (1994) researched the effect of
bentonite on the hydraulic conductivity of various
different materials, which were moraine, sand and
ash. It was seen that the best results were obtained
with moraine, but differences were not great.
Daniel (1995), Forster (1995) Bishop and
Carter (1995) and Wallace (1993), have dealt
with the use of geomembranes and geosynthetic
clay liners in the surface structures of landfills.
They have reported among other things that
differential settlement of compacted clay from un
even compression of underiying waste is almost
certain to produce cracks within the clay. Geo
membranes do not suffer as much from these prob
lems, and geosynthetic clay liners are much better
able to resist damage from freeze-thaw, desicca
tion, and differential settlement than compacted
clay.
No landfill in the survey of closed landfilis
(Table 3 and App. 2) contained geomembranes,
geotextiles, bentonite or geosynthetic clay liners in
the surface structures. In future, the suitability of
geomembranes, geosynthetic clay liners and ben
tonites in the surface structures of landfills in the
Finnish climate should be researched.
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2.4 Parts of surface structures of landfills
2.4.1 Background
Figure 10 presents a schematic diagram of the ele
ments layer that may be found in a multilayered
cover system. The elements are landfill gas con
trol layer, filters, foundation layer, hydraulic bar
rier, drainage layer, biotic barrier and surface or
vegetation layer. Not all elements may be re
quired for a given site, but it is likely that cases
may exist where all of the cover elements are re
quired.
Chapters 2.4.2—2.4.8 deal with the structure
parts of the cover system according to McAneny
and Hatheway (1985). Chapter 2.5 deals with
additional factors affecting the surface structure
design, such as enduse of landfill sites, surface
water management, frost action and snow re
moval. The requirements for the different struc
ture parts were compared, among other things, to
the results of the national survey of closed landfills
with regard to surface structures (Table 3 and App.
2). Saarela (1994b, 1995, l996a, 1996b) has stud
ied the design of cover systems of landfills.
2.4.2 Landfill gas control layer
A gas-control layer intercepts gases produced by
the wastes and directs them to the atmosphere via
venting mechanisms, if any. Landfill gases are
produced whenever biogradeble organic matter is
buried.
To control landfill gases, it is desirable that a
layer of coarse grained material be present. The
coarsest gradation possible is desirable to inhibit
the growth of a biomass of anaerobic slimes. Also
glass waste can be used in the gas control layer.
Pipe vents, with or without exhaust blowers and
set in gravel packs to give a clear channel for the
gas to flow, may be placed at regular intervals to
vent the gases to the atmosphere.
In the survey of closed landfill (App. 2), it was
found that only two landfills had landfill gas re
moving structures. Later, however, landfill gas
collecting systems for utility use of landfill gas
have been installed on several larger landfills in
Finland.
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Fig. 10. Structure of cover system (McAneny and
Hathaway 1985).
2.4.3 Filter layers
Filter layers separate fine materials from coarse
materials and prevent clogging of the coarse ma
terials by fine particles.
If a coarse-gralned material is placed beneath a
fine-gralned layer, the fine grains may migrate and
block the pores of the coarse layer. Such cases re
quire a filter layer. Its function is simply to prevent
unwanted mixing, while at the same time allowing
fluids (water or gas) to flow freely.
Two types of filters may be used. One type of
filter is a layer of carefully graded cohes ion-
less soils (sands and gravels). Such graded fil
ters are durable, have a long history of use and
often can be made from readily available mate
rils. Careful attention is required both to the
gradation of the material selected arid to the instal
lation.
The other type of filter is a geotextile. These
geotextile filters are relatively simple to install;
however, they do not yet have a service history
from which to predict long-term behaviour. As
with granular filters, careful attention to the
relation between the size of openings in the fabric
and the size of soil particles to be separated is re
quired.
In the survey of closed landfills (App. 2), it was
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found that none of the landfills had filter layers.
Slunga (1985), International Society of Soil Me
chanics... (1987) and Tesfaye (1991) have dealt
with filter criteria in earth structures and re
ported among other things, that soil filters have
a history of long use but geotextile filters do not.
2.44 Foundation (Buffer) layer
A foundation or buffer layer isolates the hydraulic
barrier from the wastes and also serves as a strong
base to support the rest of the system.
The foundation layer performs two important
functions. It separates the hydraulic barrier from
the wastes and thus acts as a buffer between them.
Both, chemically and mechanically (by protru
sions of waste containers, etc.) the wastes may
damage the hydraulic barner.
Table 3. Material of surface structures of closed landfills classified according to regional environment centres in the
survey of closed landfills in 1990 (Saarela 1994a).
1) also sewage sludge
2) vegetation layer made by
blending soil and sludge
3) also waste soil
4) also vegetative layer
5) also sand
6) also humus layer as a vegetation layer
7) peat layer as a vegetative layer 30—100 cm
8) building rubble
9) also moraine
10) surface structures have been designed
but not built
11) also waste soil on the other landfill
12) wood chips 20—30 cm
13) also soil and bark on two landfills
14) partly asphalt
15) also ash and waste wood
15) also ash and waste wood
17) road on the landfill
18) waste of saw industry, poorly covered
19) also waste soil
20) surface layers have been planned, hydraulic
barrier 60 cm and vegetative layer of
humus 10 cm
21) also sand
22) clay loam as a hydraulic barrier 60 cm and
vegetative layer 60—100 cm
23) also waste soil
24) also waste soil on two landfills
25) wastes are uncovered, surface structures have
been planned
26) wastes are uncovered, surface structures
will be designed according to principles of
arctic greenbuilding
27) waste soil storage area.
Material of surface structure
Regional Waste soil Sand and silt Geavel and Clay Hamns soil Moraine Other
environment moraine
centre” Num. Thickness Num. Thickness Num. Thicknes Num. Thickness Num. Thickness Num. Thickness Num.
m m m m m m
UUS 41.2 0.5—10 1 1—5.0 2’ 0,5—5 1 1—5 — — 1 —
LOS 8 1_2022) — — — — — — 1 1—2 — — —
I-L&..M 5 ... — — — — 1.0—2.0 — — 1 — 112)
KAS 16 — 4 — 3 —. 2” — 1 0.1—0.15 — — 412)3.14)
ESA 1915) — — — 1 — — — — — 2 — —
PSA — — 1’ 0.5 — — 1 1,0 — — 3 0.8 1’
PKA 14 0.5—2 — — 2 — 1 0,5 — — I — 1°
LSU 11 — — — — — 1’° 0.2—1.0 — — — —
KSU 22) 0.5 — — 1 — 122) 0.6 — — — — —
KPO ii 1—2 — — — — — — — — — — —
PPO 4 — 2° 0.5—I — — — — — — 324) 0.5—1 i
KAI 4 0.5—1 1 0.5 — — — — — — 2 0.5—0.7 —
LAP 5 1—2 — — — — — — — — — —
Total 103 9 9 9 2 13 12
x) appendix 2, Fig 1.
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The second and equally important function is to
serve as a loadhearing member to support the
weight of the rest of the cover. The inevitable
problem of subsidence within the wastes under
mining the cover system may be mitigated by the
foundation layer. The best materials for the foun
dation layer are coarse-grained, granular soils or
their equivalents in the non-soil category. The
soils should be thoroughly compacted, using ap
propriate compaction equipment for granular
soils. Stabilization of the soil in the foundation
layer may be advantageous.
In the survey (Table 3 and App. 2) coarse
grained excess soils on the closed landfills can be
classified as foundation layers.
2.4.5 Hydraulic barrier
The primary function of the hydraulic barrier is to
divert or impede the downward percolation of any
water coming into contact with it. The ability of
this layer to perform its function is critical to the
success of the cover system.
Failure mechanisms which the hydraulic barrier
might be prone to, are for example, mechanical
and environmental. Mechanical failure especially
needs to be guarded against during construction.
Delayed mechanical failure might take place
through the undermining of the hydraulic barrier
from severe subsidence beneath it.
Environmental failure may be caused by freez
ing and thawing, waterlogging and drying, etc. En
vironmental failure may also come about through
the attack of plant roots or burrowing animals.
Barrier materials include fine-grained, amended
soils, asphalt and geomembranes, geosynthetic clay
liners and bentonite mixes. Natural soils have the
advantage of durability. They should be thoroughly
compacted, although even with compaction, they
cannot be made completely impervious. In practice
differential settlements, uneven compression of un
deriying waste and frost, will almost certainly pro
duce cracks within a hydraulic barrier made of
clay and will increase the hydraulic conductivity.
Bentonite mixes, geomembranes and geosynthetic
clay liners are more able to resist these types of dam
age.
In the survey of closed landfills (Table 3 and
App. 2), some landfills had cover structure materi
als that could be classified as a proper material for
a hydraulic barrier. However, their function as a
proper hydraulic barrier cannot be sure due to the
lack of proper compaction and other structure
parts, and also because structures of landfills
have in general not been designed and constructed
properly. Chapter 2.6 deals with the require
ments for hydraulic barriers in Finnish conditions.
Chapter 5 deals with the quantity of infiltration
of annual precipitation into waste with hydraulic
barriers having different hydraulic conductivities
analysed numerically with the Landfill Cover Ap
proximation Model (LCAM).
In future, methods of stabilization to improve
the quality of poor soils for use in the hydraulic
barrier, should be developed.
2.4.6 Drainage layer
A dralnage layer intercepts downward-percolating
water and conveys it laterally out of the system.
The function of the drainage layer is to intercept
water that has entered the cover system as infiltra
tion and to conduct it away to one or more safe dis
posal outlets. In so doing, the drainage layer pre
vents water from building up or sitting for extend
ed periods on the hydraulic barrier and thus re
lieves the load on the latter. The drainage layer
will consist of a blanket of free-draining sands
and gravels and a collectionltransport system
will form a network of varying complexity de
pending on the site. The exits from the col
lection system should be designed with care to
prevent erosion from concentrated flows.
In the survey of closed landfills (Table 3 and
App. 2) none of the landfills had drainage layers.
Chapter 5 deals with the effects of the drainage
layer on the quantity of infiltration of annual pre
cipitation into waste analysed numerically with the
Landfill Cover Approximation Model (LCAM).
2.4.7 Biotic barrier
A biotic-barrier layer (largely conceptual at
present) hinders plant roots and burrowing ani
mals from disrupting the layers below, particular
ly the hydraulic barrier.
The need for a biotic barrier layer arises
from the threat of damage to the hydraulic
barrier from plant roots and burrowing animals.
Research results according to McAneny and
Hatheway (1985), indicate however, that cobble
stones, brick rubble or other large particles appear
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to be effective for domestic grasses and legumes.
Weeds may have to be removed from a cover sys
tem for a variety of reasons, and in some cases, the
use of insecticides may have to be considered.
In the survey of closed landfills (Table 3 and
App. 2), none of the landfills had a biotic barrier.
Experiences with biotic barriers are in practice lim
ited and, therefore research into the behaviour of bi
otic barriers in Finnish conditions should be started.
2.4.8 Vegetation layer and landscaping
A well-designed controlled plant community on a
landfill cover will prevent erosion, expel water
from the cover system through evapotranspiration
and improve site aesthetics. Vegetation is usually
very cost-effective. However, fertile soils are
rarely available at landfill sites, and it is neces
sary to work with the inferior soils that may be
present. The great toxicity and high temperature
of landfills have often been the reason for unsuc
cessful plantation.
The landscaping of a landfill depends on its
size, location and enduse. A landfill near a large
city which is designed for recreational use needs
totally different landscaping from a small remote
landfill. However, landscaping aims for all types of
landfills should be to remove all signs of the former
landfill and even to improve the original site.
Ettala (1987b, 1988a, 1988b) and Ettala et al.
(1988b) has conducted wide and thorough studies
in Finland on the landscaping of landfills. The main
results concerning vegetation on landfills are:
—
On landfills still in operation, plant coverage
was low, only 25 %. Woody plants were scarce
and natural forestation took place slowly at
landfills no longer in use. The main reasons for
this were disturbance of the vegetation caused
by vehicles and dumping of new waste and
cover soil, and an unsuitable or insufficient
cover material.
— Good growth was achieved with at least 10 cm
of cover soil for grass and a sufficiently fine-
textured substrate, preferably silt or moraine.
Organic material in the substrate had a growth-
stimulating effect.
— In order to increase the present vegetation cov
erage of landfills, planting is needed. Most of
the short-rotation tree plantation at six landfills
developed, with even the six-year-old stands
growing satisfactorily.
Salix aquatica was the most productive species
and therefore had the best increase in evapotran
spiration. Salix viminal also developed well, but
had a lower biomass production, and in one case
was eaten by hares. Populus rasumowskyana and
Betula pendulo proved to be possible alternatives
for landscaping a site.
— Irrigation with leachate not exceeding 500 mm
during the growing season had a beneficial ef
fect on the growth season and had a beneficial
effect on the growth of short-rotation planta
tions. Nonirrigated stands lost their leaves early
during a dry summer period.
—
The best growth was achieved on a substrate
with a high humus content and a thickness of at
least 0.2—0.3 m. Five years irrigation with lea
chate raised the substrate salinity. This did not
cause any disturbance to the growth because
the salinity was kept low enough by occasional
ly using high-intensity irrigation to wash the
substrate.
—
The cost of short-rotation plantation covering
30—50 % of the site can be estimated to be 10
percent of the total capital and maintenance
cost of a landfill. This estimate can be consid
ered modest compared with, for example, the
costs of other leachate treatment methods or
drains to a sewage treatment plant.
—
The average above-ground biomass production
of a Salix aquatica plantation irrigated with
leachate was 2.3 kg dry matter m2a’, which is
one of the highest values recorded in Finland.
The costs of establishment and management of
the plantation can be regarded as the cost of
waste management, and the willows cultivated
at landfills can be a profitable source of energy
if suitable equipment for chipping and wood
chip heating plants are available.
The effectiveness of a soil for supporting vegeta
tion is determined by grain size, pH, organic mat
ter and nutrient content. Many other factors play
necessary though less critical roles. Design consid
eration for waste cover systems should be given to
whatever soils are locally available. In addition,
waste materials such as sewage sludge, fly ash and
liming agents, should be considered to improve the
fertility of the available soil materials.
Appropriate tests can be made on the soils
proposed for use in the vegetation layer at a
testing laboratory. Soil tests can indicate whether
the soil material is acid, saline and sodic, exces
sively drained, poorly drained, wind erodible or
contains dispersive clay. The thicker the vegeta
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tion layer, the more stable it will be and the
better it can support desirable naturally deep-
rooted plants. Among the factors to be considered
is the need to retain enough moisture in the surface
layer to sustain vegetation through dry periods.
With the blendings of bark and domestic sew
age sludge, good results have been achieved in wil
low plantation on landfills (Ettala 1988b). Accord
ing to Lahtinen (1982a, 1982b, 1982c), raw sewage
sludge is not good, but needs additional treatment
to be suitable in greenbuilding. The treatment
methods are, for example, putrefaction, decaying,
compaction, stabilization and drying.
According to Wise et al. (1994), a series of
standard soil tests were performed on mixtures of
municipal sewage sludge compost and selected
soils to determine the feasibility of using the
composted sludge as landfill cover material. One
compost was produced by using wood fly ash as
the bulking agent, while the other was produced by
using wood chips as the bulking agent. At the time
of testing, both soils were being used as landfill
cover. The results indicate that municipal sludge
composts can be used effectively as a soil amend
ment for landfill covers. However, compost using
a fly ash bullring agent exhibits greater strength
when used alone or in combination with soil, com
pared to compost produced using wood chips as a
bullring agent. Additionally, the coefficient of hy
draulic conductivity of the soils was significantly
decreased with the introduction of both types of
composts.
According to Neumann (1984), the mini
mum thickness of the needed soil layer for trees is
150 cm, 50 cm for bushes and 30 cm for grass.
According to Vainio (1984), the best species on
landfills are willows, alders, silver birch and low
root grass, which also tolerate some amount of
methane.
In the investigations of Dobson and Moffat
(1993) there were four main areas of concern re
garding tree planting on landfill sites, which were:
a) whether trees can successfully be grown on
the relatively hostile environment of a landfill
site, b) whether tree roots are likely to penetrate
through a landfill cap, c) whether tree roots are
likely to cause desiccation cracking in a clay cap,
and d) whether there is an unacceptable risk of
windthrow.
Some of the main findings and recommenda
tions resulting from this research are outlined be
low.
— Despite fears on the contrary, trees can survive
and grow well on landfill sites. Nevertheless,
poor growth and sometimes outright failure
have been quite common, although failure has
often been as much a result of factors such as
soil compaction, shallow soil, waterlogging
and drought, as well as factors directly related
to the landfill, e.g. landfill gas and leachate.
— The majority of tree roots are found within the
upper I m of soil on undisturbed woodland
sites. Most trees have root systems reaching a
maximum depth of between 1 and 2 m, though
small roots up to 5 m deep have been recorded
in the UK. Rooting depth is controlled primarily
by soil conditions; vertical development is pre
vented by unfavourable soil conditions such as
compaction and lack of oxygen. Thus, tree roots
will not penetrate through high density polyeth
ylene (HDPE) sheets, and are unlikely to pene
trate into compacted clay with a very low oxy
gen concentration. This applies equally well to
the taproots of trees as to any other roots.
— The risk of windthrow can be minimized by en
couraging the development of a well-formed
root system, through the provision of a suffi
cient depth of loose soil, by planting trees
which are relatively small at maturity, or by
managing woodland using the coppice system.
— Tree roots are not considered to be a primary
cause of desiccation cracking in a clay cap.
— The irrigation of trees with leachate can also
help to attenuate its strength and reduce its vol
ume. Irrigation with low strength leachate
can stimulate tree growth, but high strength
leachate (specific electrical conductivity of
0.2—0.4 S m’) is likely to cause injury.
— To protect the cap from damage or desiccation,
a suitable depth of soil cover must be provided.
For woodland establishment it is recommended
that a minimum thickness of 1 m should be pro
vided above an HDPE sheet cap, and 1.5 m
above a clay cap.
— It is vitally important that site soil compaction
is avoided where woodland is to be established
on a landfill. Soil or soil-forming materials
should therefore be placed by loose-tipping. If
loose-tipping is not possible, or reconsolidation
takes place after soil placement, cultivation by
deep ripping should be carried out in the season
before tree planting.
Gilman et at. (1985) have dealt with standardized
procedures for planting vegetation on completed
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landfills. In their research standardized proce
dures were developed for those charged with es
tablishing a vegetation cover on completed land
fills. Special problems associated with growing
plants on these sites are discussed, and step-by-
step instructions are given for converting a closed
landfill to a variety of end uses requiring a vegeta
tive cover. Procedures are outlined for planting
landfills with either limited or adequate funds.
Vegetation has a great significance in the pre
vention of erosion. According to the field observa
tion in the survey of closed landfills (App. 2),
though scientific vegetation observations were ab
sent, it was already seen clearly that on gentle
slopes great erosion damage developed, even iii a
short time, if there was no erosion-control vegeta
tion. Erosion-control vegetation should be planted
immediately before the highest expected rainfall.
If the optimum planting dates cannot be observed,
the area should be seeded 4vith one or more fast—
growing annual species. Irrigation can be used as a
temporary measure.
According to Hytonen and Ferm (1984), Salix
aquatica should grow to be at least 3 cm thick for
energy tree mass.
According to Ferm (1990), the values of the nu
trient contents in plants are much higher at the be
ginning of the growth period and decrease quickly.
The timing of the sampling is very important when
nutrients are analysed from plants.
Forsius and Assmuth (1990) researched the use
of sludges and ashes from the Finnish forest indus
try. According to their results, they can be used, for
example, in greenbuilding and in soil improvement.
Fang (1995b) has dealt with bacteria and tree
root attack on landfill liners. He has presented the
mechanisms of soil-bacteria interaction and soil-
root interaction in landfill areas. Control or mini
mization of these attacks on landfill liners are pre
sented in his research.
In the survey of closed landfills (App. 2), it was
seen that most landfills were without proper veg
etation and landscaping. In this research the nutri
ent content of surface a samples of Iso-Huopalahti,
Manldcaa and Vuosaari landfills were analysed
(specific eleethcal conductivity, acidity, nitrate rim
trogen, phosphorus, potassium, calcium and mag
nesium and boric). Results of the analyses were
compared to the Finnish recommendations on
greenbuilding. It was clearly seen that ahnost all
samples needed several different nutrient additions
to support vegetation (App. 1).
Chapter 5 deals with the effects of vegetation
on the quantity of infiltration of the annual precipi
tation into waste, analysed with the Landfill Cover
Approximation Model (LCAM).
In summary, vegetation and landscaping should
be one important part of the closure of a landfill
because they reduce infiltration by evaporation
and help a landfill to merge in with the surround
ings and returns the land into usage.
2.5 Additional factors affecting to design
of surface structures
2.5.1 Enduse of landfill sites
According to Dunn (1995), closed landfill sites
are increasingly being utilized as development
properties to construct and operate a variety of dif
ferent facilities with many types of landuse. Suc
cessful project design and development requires
careful and thorough evaluation of site conditions
and redundant design features for buildings and
infrastructure. Operations and scheduled mainte
nance must also be carefully planned and response
actions considered. Major elements of post-clo
sure landfill development require design consider
ation: 1) landfill closure and waste containment;
2) control of landfill gas and leachate; 3) settle
ments; and 4) civil infrastructure constraints.
Health and safety considerations must also be in
corporated into all aspects of the project. Settle
ments of waste materials are difficult to predict,
but empirical and conservative evaluation seems
to be the most suitable technique. Techniques are
available to reduce settlements; however on most
projects deep foundations, usually driven piles,
are used to support all lightly loaded structures.
Civil infrastructure design generally follows a
four step design process that starts with an analy
sis of historical records and geotechnical data.
This is followed by definition of site constraints
and boundary conditions. Civil works are then de
signed for the predicted total and differential set
tlements. Finally, future inspection and mainte
nance requirements are developed to deal with the
uncertainties of actual performance.
Oteo and Sopea (1995) have dealt with deep
treatment of uncontrolled urban landfills for the
construction of a high capacity road system.
Crawford and Smith (1985) have researched
restoration and enduse problems of landfills in
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England. According to their results, a residential
area is the most expensive enduse for a landfill,
and for example, a recreation area is much
cheaper.
In the survey of closed landfills, the majority of
landfills did not have an enduse (App. 2). App. 1
deals with the results of the pilot investigations con
cerning the enduse of landfills conducted in this re
search. The investigations concerned the measure
ment of radon emanation, chlorinated phenols and
polyaromatic compounds from the samples of Iso
Huopalahti, Mankkaa and Vuosaari landfills. Ac
cording to the results, it was seen that the radon
emanation was on the same level as typical radon
emanation in loose soils in southern Finland and
there was nothing alarming concerning radon on the
landfills in question. Also values of polyaromatic
compounds and chlorinated phenols were low and
they were not a risk for the landfills in question.
In future, the enduse of landfills should be
made more effective for the landuse and surround
ings. Landfills should be a more active part of the
landuse of a community. In selecting an enduse,
the main principle is that landftlls near residential
areas and cities are most suitable for outdoor life
and recreational purposes and landfills far from
residential areas are suitable, for example, for in
dustrial and motor sport activities.
2.5.2 Surface water management
According MeAneny and Hatheway (1985), sur
face water management refers to all features con
cerned with the management or control of runoff.
The goal of surface water management is to han
dle rnnoff in a controlled fashion; that is, to con
duct it off the site in such a way that it does not
erode the cover system.
Surface water management involves land grad
ing, waterways, diversion strnctures, checking
dams and outlet structures. Land grading, which is
the reshaping of a site’s existing topography, is car
ried out in accordance with a plan based on an engi
neering survey and layout. The steepness of cut and
fill slopes should be controlled according to estab
llshed principles. Reverse-slope benches and diver
sions may be used to limit maximum overland flow
distances. The land grading plan must be integrated
with waterways and diversion strnctures to form a
coherent overall drainage system.
According to Ettala (1987a), however, surface
runoff is small on Finnish landfills due to the low
intensity of rainfall, small slopes on landfills and
displacements and cracks on the surface layers of
landfills.
Erosion observations made in the survey of
closed landfills are described in App. 2. It was seen
that on gentle slopes great erosion failures can de
velop in a short time if there is no vegetation to
prevent erosion.
2.5.3 Frost action
The threat of damage from frost action in the
Finnish climate must be taken into consideration
in the cover system of landfills. The most serious
damage is caused by frost heaving, the formation
of ice lenses within the soil.
Formation of such lenses, and their collapse
when they thaw and drain, could disrupt the cover
system. Among the factors necessary for frost
heaving to occur is the presence of a nearby water
supply to sustain the growth of ice lenses. By pro
viding proper drainage, the designer can ensure
that such a water supply is not available and that
frost heaving will not take place.
Ziminie et ci. (1992) have researched the ef
fects of freezing and thawing on the hydraulic con
ductivity of compacted clay landfill covers and lin
ers. According to their results, an increase in the
hydraulic conductivity of a fine-grained soil is due
to freeze-thaw effects. The results range from an
increase of approximately one order of magnitude
to one and one-half orders of magnitude from the
initial hydraulic conductivity to the final hydraullc
conductivity. The results were similar for both
samples, frozen and thawed at their moulding wa
ter contents and samples frozen fully saturated.
According to Chamberlain (1989), the in-
creases in the coefficient of consolidation of the
clay soils during freezing and thawing are due to
the increases in the hydraulic conductivity. The
structural changes that occur during freezing cause
increases in the hydraulic conductivity. The most
obvious structural changes affecting the hydraulic
conductivity of the thawed clays are the shrinkage
cracks that form during freezing.
Chamberlain and Gow (1978) have reported in
creases in hydraulic conductivity of a saturated
clay of medium plasticity of roughly three orders
of magnitude when freezing occurred at a water
content near the liquid limit, and one order of mag
nitude for an initial water content just above the
plastic limit.
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Chamberlain and Blouin (1978) and Chamber
lain and Gow (1978) have also found that the hy
draulic conductivity increases in the direction nor
mal to the direction of freezing and the increases
were similar to the hydraulic conductivity in
creases in the direction of freezing. This is an im
portant observation because it means that a drain
age system can be placed in either direction to im
prove consolidation properties.
The results of frost measurements conducted in
tins research at Iso-Huopalahti, Mankkaa and
Vuosaari landfills in the winters 1990—1992 are
presented in App. 1.
Frost depth varied between 52—90 cm. Accord
ing to the results, the frost depth at landfills was,
on average, less than in natural areas. This is due
evidently to the decomposition of organic mate
rial, which produces heat.
However, it must be noted that the frost depth
can vary greatly in different landfills due to the age
of the landfill, type of waste, depth of snow, etc.
winch have effects on the temperature of waste.
The effect of the temperature of wastes on the frost
depth must, if needed, be measured or calculated,
because of the new land fill technology aims
e.g. to enlarge, centralize and increase the height
of landfills. It can be supposed that the tempera-
hires of landfills are in future higher winch will
decrease the frost depth. Temperature of landfills
measured in USA were about +40 °C and in UK
about +50 °C (Peggs, I. 1994, personal communi
cation, I-Corp. International). Differences were
caused by the different composition of wastes.
Saarelainen (1992) has researched the model
ling of frost heaving and frost penetration in some
observation sites in Finland. The purpose of his
study was to monitor frost heaving and frost pen
etration at six observation sites in Finland in 1982—
1984. Frost heaving was also studied in the labora
tory with frost-heave tests carried out on undis
turbed specimens. The observed freezing behav
iour was compared with the climatic conditions. A
calculation model developed in ins research based
heat balance at the freezing front was tested for the
estimation of frost heave and frost penetration.
In future, research into frost protection of
landfill surface structures in the Finnish climate
should be done. For example, the effect of the
warming produced by the decomposition of or
ganic material on the frost depth and the thermal
insulation of surface structures should be of spe
cial interest.
2.5.4 Snow removal
Snow removal can be recommended from the point
of water protection and economy. According to Et
tala (1986, 1987a) infiltration can be decreased by
moving the snow cover on the landfill to the other
side of the surrounding ditches. In this way the
pollutant load on the receiving waters could be di
minished. This would also decrease the cooling ef
fect of infiltrating melt water on the landfill. The
cost of removing the snow cover is small com
pared with the savings due to the reduction in the
size of the leachate basin needed and in the amount
of leachate to be treated. The snow cover can be
removed from a coppiced Salix stand without nota
ble damage to the plants. Leachate treatment based
on short-rotation tree plantations and removal of
the snow cover costs only half as much as treat
ment at a municipal wastewater plant.
In the survey of closed landfills (App. 2), at
tempts to reduce the amount of leachate water with
snow removal were not made at any landfill.
Chapter 5 deals with the effects of snow re
moval on the quantity of infiltration of annual pre
cipitation into waste, analysed with the Landfill
Cover Approximation Model (LCAM).
In summary, the removal of snow from landfills
is not a common practice at the moment in Finland.
In the future, it should be taken into consideration
as an inexpensive, and easy way to reduce infiltra
tion to waste, whenever possible. However, snow
removal depends ofren on local circumstances be
cause, for example, landfills can be situated at high
locations and then wind can blow snow away. In
some cases it is also possible to take snow into
consideration in the frost protection of the hydrau
lic barrier.
2.6 Choice of surface structures for
covering landfills in Finland
2.6.1 Background
In Finland, the waste management policy at the
beginning of this study in 1990 was in a such situ
ation that the closing of landfills had then just
started to radically increase and there were no
standards for covering landfills. There was a pres
sure and an urgent need for surface structure types
for practical use by landfill owners and environ
mental authorities.
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Therefore, in cooperation with the National
Board of Waters and the Environment (from
1.3.1996 the Finnish Environment Institute), the
Helsinki Metropolitan Area Council and Viatek—
Tapiola Oy, different types of surface structures
for different landfills were chosen (Viatek Tapiola
Oy 1991, Saarela 1994a, 1994b, 1995). One base
for the choice of the surface structures was the
survey of closed landfills (App. 2). In the sur
vey it was investigated how closed landfills
were covered and recommendations made for
measures to improve the practice of the landfill
coverage for Finnish conditions. The following
sources were also used in the choice: Stief
(1989), Jessberg and Klos (1992), German
Geotechnical Society (1993), Lechner (1989),
Pacey (1989), Forster (1995), McAneny and
Hatheway (1985), Lutton et aL (1979), EPA
(1989) and Dwyer et aL (1986).
The group of experts from the above mentioned
parties selected five different types of the surface
structure shown in Fig. 11. The author was the
head coordinator of the group from the National
Board of Water and the Environment. They have
already been taken into wide use due to the great
need for such structure types, e.g. by the require
ments of environmental authorities for industrial
and municipal waste management pians.
2.6.2 Types of surface structures
Background
Principles of design of cover systems are dealt
with in Chapter 2.4. In the survey of closed land
fills (Table 3 and App. 2) it was seen that landfills
were not properly planned and constructed. It was
also seen that their size and location differed very
much from each other. Landfills situated on an
important ground- or surface water area or land
fills of big cities require totally different cover
structures from small remote village landfills
without groundwater risks. For this reason, in this
research, different types of cover structures have
been chosen for Finnish landfills.
In the choice of the surface structures the most
important factors were the location of the landfill
with respect to the ground- or surface water areas,
type of waste, the nearness of habitation, the de
signed enduse and the size of the landfill.
Structure type 1
Structure type 1 is the highest quality type (Fig.
1 la). When the hydraulic barrier is of impermea
ble material, it can be used when the landfill is
situated on the ground- or surface water area. The
hydraulic barrier may also need a geomembrane,
geosynthetic clay liners, or bentonite mixes when
there is a serious threat of contamination of
ground- or surface water from the landfill. Daniel
(1995), Foster (1995) and Wallace (1993) deal
with the use of these materials in the surface
structures of landfills. Landfills situated on
ground- or surface water areas may also need ver
tical tightening structures or the changing of di
rection of running waters by pumping. This struc
ture type is also used when it is intended to build a
moderu and complex recreation area on the closed
landfill of a large city. It can also be used on haz
ardous waste landfills. The total thickness of the
cover systems varies between 2.5—3.0 m and they
include a foundation layer, gas control layer, hy
draulic barrier drainage layer, vegetation layer
and surface layer. The use of filter layers must be
decided depending on the used materials. The
structure can be also used for planting trees on
landfills. The hydraulic conductivity of the hy
draulic barrier is the most important factor in pre
venting infiltration to the wastes. It is dealt with
in Chater 5.
Structure types 2 and 3
Structure type 2 has the same structure layers as
type 1 but they are thinner (Fig. 1 ib). Structure
type 3 has the same structures but there is no gas
control layer, because in many landfills a separate
system is built with its own wells and pipes for
collecting gas (Fig. 1 lc). These two types fulfill
requirements when, for example, the indented en
duse of a landfill is for recreational purposes. The
total thickness of the cover systems varies be
tween 1.1—1.9 m and they include a foundation
layer, gas control layer, hydraulic barrier, drain
age layer, vegetation layer and surface layer.
Their use on landfills situated on ground- or sur
face water areas depends on local conditions and
the hydraulic conductivity of the hydraulic barri
er. It is dealt with in Chapter 5.
Structure types 4 and 5
Types 4 and 5 represent simple and light cover
structures (Fig. 11 d, e). They are used, for exam-
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pie, on old landfills where environmental risks are
afready decreasing. These light structures are also
sufficient for small landfills which are situated far
from settlements when they are not needed for ac
tive purposes, e.g. recreation. The total thickness
of the cover systems varies between 0.80—1.0 m
and they include a foundation layer, a dense soil
layer and a surface layer.
2.6.3 The choice of structure type and
requirements for the hydraulic barrier
In the choice of a structure type, a risk assessment
should first be made of the environmental conse
quences of leachate waters from a landfill, in con
sultation with the environmental authorities, own
ers and possible other parties (Chapter 6). For ex
ample, modelling and earlier research results on
environmental consequences of a landfill can be
used in a risk assessment. The most important
factor is the effect of leachate water on the
ground- and surface waters. The results of a risk
assessment will determine the requirements for
the hydraulic conductivity of the hydraulic barrier
and how much infiltration into the wastes can be
allowed. When the landfill is situated on a
ground- or surface water area and if it can cause
contamination, the hydraulic barrier must be con
structed of an impervious material. Also, the use
of the geomembranes, geosynthetic clay liners,
bentonite mixes, vertical tightening structures and
changing the direction of running waters by
pumping, must be taken into consideration in the
design for the protection of ground- or surface
water. The choice of the structure type is very
much based on its indented enduse. Light struc
tures can be used on landfills which do not have
an active enduse. If the landfill is designed for a
wide and active enduse, then one must use more
superior structures.
2.6.4 Factors and remedial measures to
be taken into consideration in the use of
soil materials in the hydraulic barrier
After designing and construction of the surface
structures, the greatest dangers are the settlements
and cracks caused by frost, and decomposition of
organic waste which increases the hydraulic
conductivity. Though the landfills are compacted
very well, the decomposition of the organic mate
rial causes displacements and cracks in the sur
face structures.
Daniel (1995) has researched this problem. Ac
cording to him, in USA the materials that have tra
ditionally been considered for the barrier layer
within final covers are, in decreasing order of
popularity, compacted clay (compacted mineral
liner), geomembranes, and geosynthetic clay liners
(GCLs). Compacted clay is, according to him, of
ten a poor choice of material. Unless the com
pacted clay is buried under a very thick layer of
protective soil or covered with a geomembrane, it
is likely to desiccate and lose its low hydraulic
conductivity. Differential settlement of compacted
clay from uneven compression of underiying
waste produce cracks within the clay. Geo
membranes do not suffer as much from these prob
lems, and geosynthetic clay liners are much better
able to resist damage from freeze-thaw, desicca
tion, and differential settlement than compacted
clay.
According to Daniel, it is suggested that de
signers of landfill covers should make more use of
geomembranes and GCLs, and less use of com
pacted clay. However, given the large settlement
of waste, particularly in the first few years after the
landfill is closed, it seems undesirable to try to
construct a fmal, engineered cover on a fresh,
unstable mass of waste. A suggested design ap
proach is: initially to place a temporary, relatively
permeable cover on the waste and collect leachate
water for several years, treating the landfill as an
active bioreactor and after significant biodegrada
tion of the waste has occurred and the waste mass
has become relatively stable, to place a final, engi
neered cover over the waste. By stabilizing the
waste prior to placement of a final cover, the prob
ability of the cover performing as designed is
maximized.
In the research conducted by Melchior et ci.
(1993), the water balance and the long-term per
formance of different covers has been monitored
on the Georgswerder landfill in Hamburg. The
tested liners perform very differently. The com
pacted soil liners have lost their efficiency due to
desiccation and shrinkage, but the flexible mem
brane liners (HDPE sheet used in combination
with compacted soil liners) and an extended capil
lary barrier perform very weli.
34 Saarela Monographs of the Boreal Environment Research No. 3
2.6.5 Construction costs, construction
and quality control
Costs of cover systems presented in Chapter 2.6.2
consist of construction and building material
costs. Transport distance of materials is in calcu
lations about 10 km. Costs are calculated for
1990. The cheapest cover type costs 210 000
FIM/hectare and tbe most expensive one costs
2 260 000 FJM/hectare (Table 4).
Cost calculations were made for two alterna
tives in the following way.
1) Most of the cover structures can be built of
waste and excess soils free of charge which are
transported to the landfill site.
2) All soil materials must be bought and trans
ported to the construction site.
Good construction is as important as good design
in providing an effective, durable cover system.
Construction includes site preparation, planning
and scheduling of work, selection and use of prop
er equipment and site closure. Effective quality
control and quality assurance measures are neces
sary to assure that design specifications are met.
The most important part of surface structures is
the hydraulic barrier. In the control of the
compaction work, a field laboratory or some labo
ratory in the vicinity of the landfill can be used. A
diary must be kept on quality control. The main is
sues which must be checked in the compaction
work are the quality of the materials used in the
compaction, its efficiency and the grain size of the
filter material. Loukola (1985a, 1985b, 1994) has
studied the general aspects of compaction work of
earth structures.
Table 4. Construction costs of the cover systems in the
year 19911) (Viatek Tapiola Oy 1991). Modified by the au
thor.
Cover type Waste and excess All materials must
soil can be used be purchased and
free of charge transported
FIM/hectare FIM/hectare
1 1 440 000 2 260 000
2 1 260 000 1 720 000
3 850000 1310000
4 370 000 640 000
5 210000 520000
3 Earlier models and development of
the Landfill Cover Approximation
Model (LCAM)
3.1 Background
This chapter deals with earlier developed landfill
water balance models and the development of a
Landfill Cover Approximation Model done in this
research. With the developed model it is possible
to approximate different factors in the surface
structures of landfills to reduce and control the
quantity of the infiltration of precipitation into the
wastefill in Finnish conditions. There are several
water balance models for landfills available in dif
ferent countries but they are not directly usable for
Finnish conditions or they are too complicated for
practical purposes, for example, they need a pF
curve of wastes. Fig. 12 shows water movement at
a landfill. Fig. 13 shows an example of a hydraulic
model as a simulation of the water balance in a
landfill.
3.2 Earlier models
3.2.1 Water Balance Method (WBM)
The water balance method (WBM) was originally
developed to serve as a useful engineering tool in
conducting environmental assessments of pro
posed or existing landfill sites, specifically in re
gards to leachate generation (Fenn et ci. 1975).
The method was intended only as a basic tool for
engineers, and certain specific assumptions are
needed to tailor the method for a particular loca
tion.
The water balance method (WBM) as proposed
by Fenn et ci. (1975) is a manual process solved
generally with monthly averaged values. In this
model the infiltration fraction of precipitation is
the principle contributor to leachate generation
from a landfill. Other factors include waste decom
position, initial moisture content of the solid waste
and infiltration of groundwater. In the WBM all
of these factors are to be assumed negligible
for a properly sited and designed landfill, rela
tive to the infiltration fraction of precipitation.
The WBM is based on the relationship between
precipitation, evapotranspiration, surface runoff,
1) Construction costs index has increased 4 %
from the year 1991 to the year 1996.
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Fig 11. Surface structure types of landfills. Type 1 (a), type 2 (b), type 3 (c), type 4(d) and type 5 (e). (Viatek Tapiola Oy
1991). Modified by the author. Surface structure types are analysed by LCAM in Chap. 5. According to the results, the
hydraulic conductivity of the hydraulic barrier is the most important factor in preventing infiltration of the precipitation to
waste.
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and soil moisture storage. Evapotranspiration is
computed by using the method developed by
Thornthwaite method (Thorntwhite and Mather
1957). Surface runoff is computed by using em
pirical runoff coefficients (rational formula). By
applying the coefficients to the mean monthly
precipitation, an estimate of “mean monthly sur
face runoff” can be calculated. Infiltration equals
the amount of precipitation minus the surface run
off. In the WBM the maximum amount of soil
moisture storage depends on the depth of the root
ing zone and the difference between the water
content at the field capacity and at the wilting
point. The actual computation procedure is a sim
ple bookkeeping method starting from the as
sumed soil water storage (e.g. field capacity).
Analyses have been performed to compare wa
ter balance predictions of leachate flow with actual
measurements made in the field. Lu et aL (1981)
performed comparisons at five landfills using sev
eral methods to estimate the components of the
water balance. On average, leachate flow estimates
were erroneous by a factor of 2. Gee (1981) used
two variations of the water balance method to pre
dict leachate flow at the Grows Landfill in Penn
sylvania, USA. These predictions were too high by
a factor of approximately 2 when compared with
the measured leachate flows. However, Kmet
(1982) had excellent success using a water balance
method to simulate leachate production in Ham’s
(1980) eight field lysimeters. Leachate flows
ranged from 16.6 to 22.1 % of precipitation on an
annual basis. Water balance methods predicted an
average of 22 % of precipitation. Kmet used the
water balance method proposed by Fenn et aL
(1975) with modification to account for infiltration
and runoff from the landfill during winter condi
tions. Fig. 14 shows the flow chart for the water
balance method (WBM). Fig. 15 shows moisture
components—at a landfill according to Fenn et aL
(1975).
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3.22 Improved water balance methods
The original water balance method (WBM) has
been improved by calculating the water balance
components more accurately. The best-known of
these improved models are the HSSWDS (Hydro
logic Simulation of Solid Waste Disposal Sites)
model and HELP (Hydrologic Evaluation of
Landfill Performance) model. Perrier and Gibson
(1981) developed the HSSWDS model that was
capable of estimating the hydrological situation
on a daily basis.
The HELP model was developed to account for
the daily changes in the water balance of a landfill
(Schroeder et al. l984a, l984b) and in addition for
a shorter computation time. The HELP model is
different from the approach proposed by Fenn et
aL (1975) in two ways. First, the water balance
components are treated using more detalled meth
ods. Second, the WBM implicitly assumes that the
waste is at field capacity during the whole compu
tation. The HELP model calculates a flow rate
through the waste and therefore estimates the time
of the first leachate appearance. According to
Farquhar (1989), the HELP model is perhaps the
best of the available computer models.
The HELP model computes the water balance
for landfills by performing a daily analysis using a
so-called quasi two-dimensional approach (one-di
mensional both in vertical and horizontal direc
tion). The hydrologic components included are pre
cipitation in any form, surface storage, intercep
tion, surface evaporation, runoff, snow melt, infil
tration, vegetation, rooting depth, plant transpira
tion, soil evaporation, soil moisture storage, soil
moisture potential, unsaturated flow, and vertical
and lateral saturated flow. The Soil Conservation
Service (SCS) curve number technique is used to
partition incoming rainfall or snow melt between
surface runoff and infiltration. Evapotranspiration
in the HELP model is computed using a modified
Penman method as described by Ritchie (1972).
Soil water is routed vertically through the soil by a
simultaneous solution of Darcy’s law and the equa
tion of continuity. The unsaturated hydraulic con
ductivity is assumed to be zero when soil moisture
is at or below field capacity and is equal to the satu
rated hydraulic conductivity when the soil is satu
rated. Lateral flow above the liner is modelled
based on a linearization of the steady-state
Boussinesq equation performed by Skaggs
(1982). The HELP model in eludes an optional de
t t
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Fig 12. Water movement at a Iandtiil (Farquhar 1989).
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Fig. 13. An example of a hydraulic model as a simulation of the water balance in a landfill. P: precipitation; ET: actual
evapotranspIration; R: runoff from external areas; R: runoff; A: water content of soil cover; U: field capacity of soil cover;
G: water infiltration under soil cover; KB: Darcy’s hydraulic transmissivity (L T-1); L: leachate; H8: thickness of the low—
permeability barrier, H: saturated layer; VR: water content of wastes; VR: field capacity of wastes (Canziani and Cossu
1989).
Actual
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Fig. 14. Flow chart for the water balance method (Farqu
har 1989).
Fig. 15. Moisture components at a landfill (Fenn et a!.
1975).
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fault data base that describes the climate for 102
cities (precipitation, temperature, solar radiation,
and growing season); seven types of vegetation
cover; soil characteristics for 21 soil types; and the
runoff curve numbers for default soil and vegeta
tion types (Peyton and Schroeder 1989).
Peyton and Schroeder (1989) have performed
long-term simulations using the HELP model.
They found that model predictions are generally
bracketed by field measurements. Good agreement
between the predictions and measurements is ob
tained by calibrating the hydraulic conductivity of
the cover materials whilst staying within the range
of hydraulic conductivity values reported in the lit
erature for these materials. The results indicated
that the HELP model can be a very useful tool for
designing and evaluating landfills. However, ac
cording to Peyton and Schroeder (1989), the over
all data base of long—term waterbudget measure
ments is poorly organized and too small to con
tinually advance the state of understanding landfill
leachate generation and migration. More extensive
monitoring activities are required to fill this gap.
An attempt to apply the HELP model for esti
mating the quantity of leachate to be generated has
been done also by Kastury a’ aL (1985). Table 5
shows components of the WBM and comparison
with the HELP model.
Canziani and Cossu (1989) have developed a
model based on similar assumptions as the
HSSWDS model but with monthly intervals to
evaluate the possibility of utilizing the model as a
tool in the design of landfills. The model can be ap
phed to landfills in operation and to completed
landfills with a final cover and a low permeability
layer under the final cover. The meteorological data
needed by the model are air temperature, precipita
tion and solar radiation. The morphological data of
the soil cover include thickness, soil type, slope and
information about grassed surfaces. The character
istics of wastes include layer thickness, insitu den
sity and water retention capacity of the waste.
According to the sensitivity analysis the param
eters which mostly influence the model are, in or
der of importance, the hydraulic conductivity of
the capping layer, the method for calculating
evapotranspiration, the field capacity of the cover
material and the water retention capacity of the
waste.
According to the application of the model for
estimating leachate production, two observations
can be made. First, the model can estimate with
sufficient approximation monthly variations. Sec
ond, a good fit between the observed and estimated
values depends above all on the climatic param
eters and on the waste parameters which should be
strictly measured on site. Fig. 16 shows a sche
matic diagram of the general hydrological balance
in a completed landfili according to Canziani and
Cossu (1989). Fig. 17 shows the schematic flow
sheet of the leachate hydrological balance algo
rithm for Canziani and Cossu’s model.
Fig. 16. Schematic diagram of the general hydrological
balance in a completed landfill wifh leachate drainage
system. P: precipifation; J: irrigation or leachate recircula
tion; H: surface runotf; R: runoff from external areas; ET:
actual evapotranspiration; P, = P + J + R — H — ET ±
AU5; U5: water content in soil; U: water content in
wastes; S: water added by sludge disposal; b: water pro
duction (if> 0) or consumption (if < 0) caused by the bio
logical degradation of organic matter; l, 15 water from
natural aquifers; P, = P,: S + I + I; L = H, * AU + b:
total leachate production; L, = infiltration into aquifers; LR:
leachate collected by drains (Canziani and Cossu lg8g).
3.2.3 LANCEL model
The development of the LANCEL (LANdfill
CELlular liquids model) dynamic simulation
model was motivated by the need to describe the
local liquid hydrology at a landfill site (Rice a’ al.
1985). The main aim of the LANCEL model was
to evaluate how the present system performs and
to examine the alternative liquid management
schemes both now and in the future. The LAN
CEL model is a planning-level tool. The results of
the model simulations are applicable to decisions
on overall leachate management strategies.
LANCEL differs from the HELP model in two
main aspects; Firstly, the landfill area is divided
into cells or nodes making the model truly two-di
mensional as compared to the quasi two-dimen
sional structure of the HELP model. The cell geom
etry of the LANCEL model is similar to that used
by finite element methods. Secondly, the unsatu
rated soil is divided into layers within each cell.
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Table 5. Components of the WBM and comparison with the HELP model (Farquhar 1989).
WBM HELP model
1. Potential evapotranspiration (PET) — the potential amount of moisture that can evaporate from soil
and (or) waste and transpire from vegetative cover depending upon temperature (T) and solar radiation
Thornthwaite method Penman method (Penman 1948)
(Thornthwaite and Mather 1957)
Data input
Temperature: Monthly Daily
Heat index: Monthly Monthly
2. Precipitation (P) — the precipitation in all forms falling on the site
Monthly averages Daily averages (choice available)
3. Runoff (RO) — that portion of precipitation which runs off the site and does not infiltrate
Thornthwaite and Mather (1957) U.S. Department of Agriculture (1975)
Fenn et al. (1975)
RO = C50P Same as WBM
(CR0 is a runoff coefficient)
Data input
Vegetation
Slope
Soil types
Surface treatment
4. Infiltration (I) — that portion of precipitation which infiltrates the site
I = P - RO Same as WBM
5. Soil moisture storage (5) — the amount of infiltration which is retained in the soil and (or) waste up to
field capacity and thus does not percolate as leachate (SMAX is the maximum S for soil or refuse)
Thornthwaite and Mather (1957) Same as WBM
Data input
Soil type
Depth
Field capacity
Moisture content (MC)
Wilting point (WP)
AS (change in 5)
=÷vewhenl > OandMC < SMAX
=—ve when (1 — PET) < 0 and
MC > WP
6. Actual evapotranspiration (ET) — the actual amount of evapotranspipration (ET PET) which
occurs; depends on the soil types and depths, vegetation type, root depth, MC
ET PET - (1 - PET)
-
AS)
7. Percolation (PERC) — the amount of liquid which reaches the base of the landfill to become leachate
PERC=P-RO-ET- AS÷G
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I MORPHOLOGICAL DATA
I OFSOIL COVER[(thickness, soil type, slope, grossed surface)
‘I,
I CHARACTERISTICS OF WASTES
[er thickness,”in sib]’ dennily,etc.)
H
METEOROLOGICAL DATA
IT°C, P, solar rodiation,etc.l
1
COMPUTE’ R,PE,P-R-PE, U)j
‘I,
IF V:Vmuo
THEN L=I
ELSE add port at Ito V,
whilst the remainder is leachate
‘I’
REPEAT UNTIL STEADY STATE IS REACHED OR ENOUGHDATA SERIES HAVE BEENPROCESSED
Fig. 17. Schematic flow shoot of leachate hydrological
balance algorithm. Symbols are as in Fig. 13. (Canziani
and Cossu lg8g).
The unsaturated subsystem is modelled using a cas
cade of non-linear reservoirs and the outflow from
the final reservoir serves as an input to the saturated
subsystem. In the saturated subsystem, liquids can
follow many different flow paths, i.e. they can flow
laterally to adjacent cells, flow to adjacent curtain
drains, or flow out through the base of the landfill.
The data requirements of the LANCEL are greater
than those of the HELP model, mainly due to the
two-dimensional cell system.
Rice et of (1985) have tested the LANCEL
model against data collected at the Omega Hills
North Landfill, USA. The LANCEL model simu
lation results provided important infonnation for
the response to various leachate management alter
natives. Moreover, the model provided insight into
moisture movement processes which have general
applicability to many landfill problems. li addi
tion, the LANCEL simulations indicated that the
most efficient long-term leachate management al
ternative is the construction of a low percolation
landfill cover. Fig. 18 shows schematic diagram il
lustrating the LANCEL model.
3.2.4 Numerical solution of flow through
landfills
The previously described models have not studied
adequately the mechanisms of moisture transport
through the waste. Korfiatis et al. (1984), and
Demetracopoulos et cii. (1984, 1986) have pub
lished a model that uses a numerical solution of
the equation of continuity and motion (Darcy’s
Law). The solution of the equation is obtained by
a fully implicit finite difference scheme. Both sat
urated and unsaturated conditions are considered.
The model can be used to evaluate leachate quan
tities discharged from existing active or inactive
landfills.
The basic difference between the HELP or
LANCEL model and the numerical solution used
by Korfiatis et of (1984) is the need to have the
soil water retention curve (soil moisture content
versus soil water potential) and hydraulic conduc
tivity of soil and diffusivity functions as the input
data. For landfill areas, these types of functions are
very difficult to obtain due to the irthomogeneity of
the landfill waste. According to Demetracopoulos
et of (1986), there are two basic reasons as to why
the numerical solution of flow through the landfill
is desired. First, moisture fluxes are needed at dis
crete points through the landfill, in order to de
scribe the advective term of mass transport (qual
ity) models. Second, the time history of leachate
discharge is required for real time modelling and
subsequent hydraulic design of the leachate bot
tom collection system.
According to a sensitivity analysis carried out
by Demetracopoulos et cii. (1986), the model is
sensitive to changes in the physical properties of
the porous medium. For saturated surface condi
tions, the grid size and time step influence the solu
tion. Fig. 19 shows a simplified model flow chart
according to Korfiatis et cii. (1984).
Jr
IF A low permeobitity borrier euists
AND P-R-PE’=G,.O
THEN A ooturoted loper wilt form abone it
so ttsat H ‘: H+G and
1= KB H/HB
ELSE IF A low permeability harrier enists
AND P.-R-PE=G.cO
THEN IF Water from the saturated taper can
reach plant roots by copillarity
THEN H’=H+G tG<Ol
r:=o
ELSE Compute A by uuiug drying law
ELSE IF G>D
THENt’ B
ELSE tO
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FLOW FOR EXAMPLE TO A
CURTAIN DRAIN ORTHROUOH
A CUTOFF WALL
HELP MODEL INPUT
Fig. 18. Schematic diagram illustrating the LANCEL mod
el (Rice etat 1985).
3.2.5 Use of a groundwater model in the
landfill water balance
The previously described approaches — WBM,
HSSWDS, HELP, LANCE and the numerical so
lution of moisture movement — are based on the
idea of solving the water fluxes in a one-dimen
sional vertical system. Karlqvist (1987) has cho
sen a completely different approach, i.e. a
groundwater model to illustrate groundwater po
tential at a landfill area. A technique called the
Analytic Element Method uses analytical func
tions for solving the potential formulation of the
differential equations for groundwater flow. The
modelling of the landfill systems is performed by
superimposition of functions called analytic ele
ments. Each of these functions represents a partic
ular feature of the landfill system to be modelled.
Analytic functions have been developed for
wells, lakes, rivers with leaky bottoms, canals,
cracks and impermeable boundaries. Even inho
mogeneity in the landfill can be dealt with in the
model.
The input data needed by the model include
landfill parameters (hydraulic conductivity), depth
of the solid waste, groundwater recharge, and loca
tion of canals. The canals are assumed to be in di
rect contact with the groundwater system implying
that they act as hydraulic boundaries.
The model is calibrated by adjusting the infil
tration to the landfill so that the calculated
groundwater heads, within the area of interest, will
be in accordance with the general picture of the
measured groundwater levels. According to
Karlqvist (1987), brief model calculations showed
that drainage features such as streams, ditches,
lakes, peat bogs and fracture zones have a pro
nounced effect on the groundwater level.
The usefulness of the approach utilized by
Karlqvist (1987) is limited by two main factors:
— the model needs infiltration into the waste as
input data (recharge term) but on the other hand
it should be computed by the model
— groundwater level data used in the calibration
are not always available from landfill sites.
3.2.6 Stochastic approach to
precipitation
The previously described models are deterininis
tic and are not able to investigate the effect of sto
chastic precipitation conditions on moisture infil
YES NO
YES
Fig. 19. Simplified flow chart of the model of Kortiatis et at
(1984).
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tration quantities. Baetz and Byer (1989) de
scribed a stochastic simulation model to represent
the construction of a landfill and associated mois
ture control options. Modelling results show that
stochastic, rather than average precipitation in
puts should be considered. The model developed
by Baetz and Byer differs from the previous ap
proach in such a way that infiltration is modelled
using the Green and Ampt theory (1911) and
snowmelt is included in the model. Snow removal
was shown to be an operational variable that po
tentially has a significant impact on the moisture
content at a landfill site. This has been previously
shown by Ettala (1988a).
Summary of the main features of the models
mentioned in Chapters 3.2.1—3.2.6 and the com
parison of LCAM to them are presented in Chapter
3.3.5 and in Table 6.
3.3 Structure of LCAM
3.3.1 Two presuppositions of LCAM
The first presupposition of LCAM is that the
spreading of water in wastes is not modelled at
all, but the result given by the model is the quanti
ty of the water that infiltrates through, hydraulic
barrier into the wastes. According to Ettala
(1987a), the infiltration into landfills is mostly
over 1 mm min’. The results mean that after per
meating through the hydraulic barrier the spread
ing of water in wastes is quick compared to the
heaviness of precipitation and the snow melt.
Leaving wastes from the model is also sup
ported by measurements of hydraulic conductivi
ties done by Ettala (1987a). According to his re
sults, variations of hydraulic conductivities are
great in different landfills and also in different
places of the same landfill. When wastes are not in
the model, there is also no need to know the pF
curve of wastes, as for example, in numerical
models presented by Korfiatis et al. (1984) and
Demitracopoulus et aL (1984, 1986). For landfills
pP-curve is difficult to obtain due to the inhomoge
neity of the landfill waste.
The other presupposition of the model is that
there must be a part of the model which describes
vegetation and its development, with which inter
ception is calculated. In field research the intercep
tion of willow plantations has been about 30 % of
the sum of precipitation and sprinkler irrigation
(Ettala 1987b). For this reason interception must
be in the model.
3.3.2 Main components of LCAM
Precipitation
Annual precipitation can be chosen from six dif
ferent regions: Helsinki, Jokioinen, Jyvaskyla,
Kuopio, Sodankyla and Utsjoki. Hydrological
data for years 1973—1988 from each location are
in LCAM, and the user of the model can choose
the number of years for the simulation. By using a
long time period in the simulation, it is possible to
calculate the average quantity of leachate waters
for several years.
Interception
Part of the precipitation is intercepted by the
leaves of trees and this water evaporates quickly
after rain. According to Ettala (1987b, 1988a), in
terception from willows can be about 30 % of the
total precipitation.
Water balance of the surface layer
The precipitation, which comes through vegeta
tion increases the soil water storage of the surface
layer. The water quantity of this storage is re
duced by evaporation, surface layer runoff and in
filtration into the wastes. In some cases, the stor
age ability of the surface layer becomes exhaust
ed and then excess water flows away as surface
runoff. The surface runoff is calculated from the
water content of the soil, slope and length of the
slope and from the thickness and hydraulic con
ductivity of the surface layer.
It is possible to build the drainage layer be
tween the surface layer and the hydraulic barrier,
which has very good hydraulic conductivity (mini
mum 10 m s’). The drainage layer can lead away
part of the water and infiltration into the wastes is
then reduced.
Potential and actual evapotranspiration
Potential evapotranspiration E0 is calculated in
LCAM from the daily total radiation and average
temperatures. Values of these variables for over
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16 years are stored in LCAM. The actual eva
potranspiration from the surface layer depends on
the usable water storage W. The maximum water
content of the surface layer is obtained by multi
plying the layer thickness with the efficient po
rous volume, which means the difference between
water content of the saturated water content and
the withering point. The thicker the surface layer
is, the greater water storage the vegetation has
available. The actual evapotranspiration is less
than the potential evapotranspiration when the
water storage is smaller than the limit value Wevap
(Fig. 20), given as a parameter. In dry years vege
tation withers easily, which is taken into consid
eration in LCAM, so that the user estimates the
condition of the vegetation from practical experi
ence from 1—10. In the calculation formulas the
poor condition of vegetation has an effect in re
ducing the area of the leaves which then reduces
the interception of rainfall by the leaves.
Estimation of infiltration
In LCAM it is supposed that the water potential in
the soil is always in hydraulic balance, or in prac
tice, the balance is attained at once after rainfall
has ceased.The accuracy of this most important
simplification of the model is presented in Chap
ter 3.4. The infiltration through the hydraulic bar
rier can take place when the water potential in the
bottom of the surface layer is greater than the wa
ter potential in the lower surface of the hydraulic
barrier (given as a parameter). Other parameters
which affect the quantity of infiltration are the
hydraulic conductivity and the thickness of the
hydraulic barrier.
Fig. 21 shows the main components of LCAM.
Fig. 22 shows a schematic flow chart of LCAM.
Fig. 20. Relation between actual and potential evapotran
apiration as a function of quantity of water (Vt) in the aur
tace layer of soil.
3.3.3 Equations of LCAM
The equations of LCAM are given in the compu
tational sequence.
At the beginning of the computation, an initial
value for the soil water storage of the surface lay
er needs to be given:
W,,j= OD
14’ = 141
where
(3)
(4)
Wm = maximum value for water content
in the surface layer (mm)
= porosity (m3 m3)
= thickness of the surface layer (mm)
W = water content in the surface layer
(mm)
Rwstan = initial value for relative water content
(0.5...0.7)
The time step of the computation is one day.
The computation starts on January 1st and if
there is snowcover in the landfill area, the mo
del needs the snow water equivalent as an
initial value. The computation of the snowmelt
is based on the degree-day concept as follows:
M = kM (TA — T03) ; TA T&ac.
M=O if TA<Tbase
where
(5)
M = snowmelt (mm tt’)
kM = degree-day factor for snowmelt
(mm d’ °C’)
TA = daily average air temperature (°C)
Tbase = base temperature for snowmelt (°C)
(usually about 0 °C)
The next step is to calculate the relative value of
soil water storage R1:
= W/Wma
where
(6)
= relative water content in the surface
layer (W/Wmj
W = water content in the surface layer (mm)
Wq1 = maximum value for water content in
the surface layer (mm)
E00tIE
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= Precipitation
= Subsurface runoff
= Surface runoff
= Interception
= Infiltration to waste
= Actual evaporition from the canopy
= Actual evaporation from bare soil
= Average slope of the landfill
= Average length of the slope
= Quality of the canopy
= baf area index
= Hydraulic conductivity of the
= Hydraulic conductivity of the
= Daily average air temperature
surface layer
hydraulic barrier
Fig. 21. Main components of LCAM.
According to the model, infiltration
‘LF’ into the
landfill is:
‘LF = — Kb (HL —
where
‘LF
K,,
(7)
= infiltration into landfill (mm d’)
= hydraulic conductivity of the hydrau
lic barrier layer (m s’)
Db = thickness of the hydraulic barrier (mm)
HL = hydraulic height in the bottom of the
hydraulic barrier (mm)
H = hydraulic height in the surface the of
hydraulic barrier (mm)
Subsurface runoff is assumed to exist when R is
greater than R,,b:
Qo,b = K,0 (R— R,,,)/(l.O — R,,b) ;
a
g4
Pt
Qourl
SI
‘If
‘slope
Lsiope
KNofl
LAd
K,0
TA
R R,,,, (8)
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1. Day = 1.
Read characteristics of soil data and climatic
data. Give start data to soil water storage
(relative saturation degree of soil) and
compute initial hydraulic potential above the
hydraulic barrier.
2. Day Day +1.
Compute evaporation, inifitration to wastes
and drainage layer runoff.
3. Compute the water balance of the vegetation
layer.
4. Is the profile saturated?
5. Compute surface runoff and infiltration.
6. No surface runoff.
Inifitration = precipitation.
7. Compute the hydraulic potential above the
hydraulic barrier for the next computational
day.
8. Compute the components of the cumulative
water balance.
9. The whole calculation period is computed.
10. Results.
Fig. 22. Schematic flow chart of LCAM.
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Subsurface nmoff is assumed to exist when R is
greater than R55b:
= K0 ‘slope• (R— R$Ub)/(l. 0 — R55b) ;
R R55b
Q00b = 0 if R < R55b
where
Q50b
K10
= subsurface runoff (mm &l)
= hydraulic conductivity of the surface
layer (m sj
‘slope = average slope of the landfill (m m’)
R = relative water content in the surface
layer (w/wMAX)
R55b = subsurface runoff can be formed if
relative water content in the surface
layer is greater than this value
(0.4..0.7)
Drainage layer runoff is calculated:
QD = drainage layer runoff (mm d-1)
KB = hydraulic conductivity of the drainage
layer (m d-’)
‘slope = average slope of landfill (m m-1)
= thickness of the drainage layer (mm)
L515. = average length of slope (m)
Actual evapotranspiration is calculated from the
potential evapotranspiration and relative soil wa
ter content in the surface layer:
rAE = 1.0 ; R R055. (10)
rAE = (R/R0,50) ; R, < R055.
where
rAE = ratio of actual and potential eva
potranspiration
R = relative water content in the surface
layer (W/W,0j
R050. = relative water content, below which
too dry soils start to limit actual eva
poration (0.6..0.8)
The leaf area index of the canopy, LAI, is a func
tion of the effective temperature sum, ETS, which
is computed as follows:
ETS1 = ET511 + (TA—SO) TA >+ S °C (11)
ETS1=ET ;TA +s°c
where
(8) ETS1 and ET511 = effective temperature sum
(dd) for days i and i—i
TA = daily average air tempera
ture (°C)
In the optimal conditions the canopy is not suffer
ing from a water or nutrient shortage and LAI is
given as a prescribed function of ETS.
ETS is calculated throughout the growing sea
son and LAI in optimal conditions can be calcu
lated for each day of the year. The actual LAd used
in the computations is taken into account by a sub
jective parameter KCANOpY indicating the quality of
the canopy using a scale 0.. 10.
LAI= (KCAN0P/10) LAI5, (12)
= leaf area index (m2 m-2)
= leaf area index in optimal condi
tions (m2m2) (about 5)
KCANQPY = quality of the canopy (0... 10)
If there is no canopy in the landfill area, LAI = 0.
The next step is to calculate actual and potential
evaporation from bare soil and from vegetation.
= e’0dl LA!) R5 . E5, (13)
= a• E55. (14)
= [1.0— e)Kexr LAD]
= rAE (16)
where
= potential evaporation from bare soil
(mm dj
= radiation extinction coefficient (0.5...0.7)
RE = evaporation factor for bare soil (0.4...0.6)
= potential evaporatranspiration calculated
from meteorological variables (mm d1)
= evaporation factor for vegetation
(usually 1.0)
= actual evaporation from bare soil (mm d4)
(XE = ratio of actual and potential evapotran
spiration
= K slepeD1/Leep
where
(9) where
LAI
LAIO,
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Eactc = actual evaporation from the canopy
(mm d1)
= potential evaporation from the canopy
(mm d1)
The parameters RE and REC in Eqs. (13) and (15)
take into account the fact that evaporation from
bare soil is usually 40—60 % lower than evapora
tion from vegetation.
Interception is dependent on an estimated leaf
area index and rainfall intensity. The assumption
included in the model is that interception is lin
early dependent on LAI:
Sim=CiLAI (17)
5im = maximum value for interception storage
(mm)
Cj = parameter indicating the maximum value
of interception storage (mm) (0.2.0.5)
If rainfall is less than all precipitation is
evaporated from leaf surfaces. If rainfall is great
er than5im’ the surplus increases the water con
tent of the surface layer. Potential evapotranspira
tion is reduced according to the estimated inter
ception.
The soil water content of the surface layer can
now be calculated as:
1471 = W14 + — Eacts — Eact,c
— Q5b (DF)/
(1000 Lsiope)
— ‘LF
where
= precipitation (mm d1)
W, W = water content in the surface lay
er at the beginning and at the end of
the day i (mm)
Eactc = actual evaporation from the canopy
(mmd1)
Eacts = actual evaporation from bare soil
(mm d’)
Qsab = subsurface runoff (mm d1)
Lsiope = average length of the slope (m)
Surface runoff can be formed when the surface
layer is saturated, i.e. the water content, as calcu
lated by Eq. (18), exceeds its maximum value
Wyj and the surplus increases the depression
storage of the landfill surface.
= s,11 + (WtWmax) W1> Wmajc; (19)
= Spj — ; S > (20)
Qsatf 0 if Sp,1 5pmax
where
surface runoff (mm d’)
value of the depression storage
for days i-i and i
= maximum value for interception
storage (mm)
= maximum value for the depres
sion storage (mm)
W1 = water content in the surface
layer at the beginning and at the
end of the day i (mm)
Wm = maximum value for water con
tent in the surface layer (mm)
If W as calculated by Eq.(18), is greater than
then a substitution W1 = W,, is carried out.
Correspondingly, the calculated value of the de
pression storage cannot exceed its maximum val
ue
At the end of each computational day, the cu
mulative sums of the following water balance
components are increased:
— precipitation
— interception
— actual evapotranspiration (vegetation and bare
soil)
18
— potential evapotranspiration (vegetation and
bare soil)
— subsurface runoff or surface layer runoff
— surface runoff
— infiltration into the landfill
3.3.4 The variables of LCAM
The variables required in LCAM are classified
into three categories:
— the physical characteristics of the soil layers
— the required parameters in calculating the infil
tration, surface runoff and surface layer runoff
— empirical variables which affect the quality and
condition of the plant stand.
Required variables for LCAM are shown in
=
5Fi]’ 5F,J =
App. 3.
S,,,=O if WjWmax
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3.3.5 The comparison of LCAM to other
models
None of the landfill water balance models men
tioned in Chapter 3.2 were directly usable for the
planning and approximation of landfill surface
structures in Finnish conditions. The HELP, HSS
WDS, LANCEL, Karlqvist (1987)’s model and
Canziani and Cossu (1989) models suppose
among other things that hydraulic conductivity of
wastes is known. However, it is not in the struc
ture of LCAM developed in this work. Only the
HELP and Canziani and Cossu (1989) model
have possibilities to consider the development of
different vegetation types and their effects on the
quantity of infiltration. The partial model con-
cerning accumulation and melting of snow are
only in the HELP-model and in the model pre
sented by Baetz and Byer (1989). Table 6
shows, as a summary, the comparison of the
differences between the earlier developed models
and the Landfill Cover Approximation Model
(LCAM).
LCAM was developed by Saarela and Kar
vonen (Chap. 3). Saarela was responsible for the
total development, the testings and the simulations
of the model and Karvonen was responsible for the
mathematical part of the modelling. Ettala has ear
lier made wide and thorough landfill studies in
Finland. His research results were used in the
choice of the components of LCAM (Ettala 1986,
1987b, 1988a, 1988b).
Table 6. The comparison of the differences between the earlier developed models and the Lançlfill Cover Structure Model
(LCAM) developed in this research.
Model The model needs The model Accumulation and
the hydraulic takes into melting of snow
qualities of consideration the is calculated
wastes effects of the by the partial model
vegetation on
the quantity of
leachate waters
by the partial model
yes no yes no yes no
LCAM x x x
(Landfill Cover
Approximation Model)
WBM x x x
HELP x x x
HSSWD x x x
LANCEL x x x
Karlqvist
(1987) x x x
Korfiatis
etal.(1984) x x x
Canziani and
Cossu (1989) x x x
Baetz and
Byer (1989) x x x
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3.4 Effects of primary assumptions on
accuracy of numerical analysis in LCAM
3.4.1 Presuppositions
From the hydrological point of view, LCAM has
two fundamental presuppositions, which are:
— after rainfall the surface layer is at once io a
hydraulic balance state
— wastes are defined outside the model or the de
lay of water is considered with the simple linear
basin instead of a two-dimensional groundwa
ter model.
The effect of these two suppositions on the accu
racy of the results is considered in this chapter by
comparing the results of LCAM to the results of
the complicated, three-dimensional model.
3.4.2 The quasi 3-D water balance model
of a landfill
This chapter combines a one-dimensional model,
which describes infiltration and the vertical move
ment of water, with a two-dimensional groundwa
ter model, which describes the horizontal move
ment of water. The result is the quasi three-dimen
sional model (Fig. 23) and the results given by it
are compared to the results of LCAM described in
Chap. 3.3.
Fig. 23. Schematic figure of fhe use of the 1-D model in
the calculation of vertical movement of water and the 2-D
model in the calculation of horizontal movement of water
in the wastetill. These two models are connected with the
boundary conditions (the recharge term R) e.g. the depth
of the groundwater level calculated by the 2-D model is
the lower boundary condition of the 1-D model. The result
is a so called quasi 3-D model.
3.4.3 Numerical analysis of infiltration
Several methods have been developed during the
last decades for the numerical analysis of infiltra
tion to the soil. Hydraulic conductivity, moisture
content of the surface layer and the heaviness of
the precipitation affect infiltration most. Physi
cally, the most justified way to calculate infiltra
tion is to use the so-called Richards’ equation,
which describes the flow of water in unsaturated—
saturated soil systems. The Richards’ equation
has to be solved numerically with difference and
element methods, (Nimah and Hawks 1973; Fed-
des aoL 1978; Jensen 1983; Pingoud 1982,1983;
Vakkilainen 1982; Karvonen 1988).
c(h) =--[K(h)(.--l)]—S(h) (21)
dt 9z Bz
where
h = soil water potential (m)
K(h) = hydraulic conductivity (m d)
z = position of the vertical dimension (m)
(positive downward from the surface)
t = time(d)
C(h) = slope of the pF—curve or C(h) = dO!
dh, where 9 is the volumetric soil
water content (mt)
S(h) = loss term which takes evaporation and
horizontal surface runoff (m3 m3) into
consideration.
The numerical solution of the equation has been
solved with the element method as presented by
Karvonen (1988). Parameters required for the
quasi 3-D-model are described in Chapters 3.4.5,
3.4.6 and 3.5.
3.4.4 Two-dimensional groundwater flow
The groundwater model is based on two well-
known equations: Darcy’s law and the equation
of conservation of mass. The combination of
these two equations results in a partial differential
equation for unsteady flow:
sf=-- (KDfI-)+* (KDt)-l-R_P (22)
where
K = hydraulic conductivity of the landfill
for horizontal flow (m d’)
D = saturated thickness of the landfill at
time t (m)
H = hydraulic head in the landfill at time
t(m)
R = net rate of recharge (m d’) (negative if
the flow of water is upward from the
groundwater level)
5acI,s 5act,c
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S = specific yield of the landfill (m m1)
P = net rate of abstraction (e.g. drainage)
(md-’).
The net rate of recharge R is calculated with the
one-dimensional model, or in other words R-term
connects the one- and two- dimensional models
together.
In this study the numerical solution of the
groundwater flow equation is obtained using the fi
nite element method. The equation (22), together
with the appropriate initial and boundary conch
tions, is solved using the so-called Galerkin
method. In using the finite element method, the
flow region is subdivided into a network of triangu
lar elements. The corners of these elements are the
nodal points of the computation. In each element,
the hydraulic head is approximated by linear shape
functions and the values of H0 at nodal points.
The Galerkin fmite element formulation of fluid
flow through porous media leads to a system of a
first-order linear differential equation of the form
[F]{H(t)} ÷ [D]{dH(t)/dt}
= {Q] (23)
where
[F] = stiffness matrix
(H] = dependent variable vector (the hyd
raulic head in the landfill)
[D] = capacity matrix and
(Q] = flux vector representing sources and
sinks.
The derivation of the coefficient matrices have
been presented in Neuman et al. (1975). The solu
tion of the equations uses the method described
by Narisham and Witherspoon (1977, 1978).
3.4.5 Parameters required for the quasi
3-model
The so-called pF-curve-soil moisture retention
curve-gives the relationship between volumetric
soil moisture content (m3 m3) and matric poten
tial 0 (m). Solid waste landfills can be consid
ered a porous medium that consists of solid parti
cles and pores that are either water-filled or air-
filled. The total soil porosity or saturated water
content, 0 (m3 m3), depends on the packing
density of the waste and the specific density of the
individual soil particles. According to the litera
ture review of Korfiatis et al. (1984), typical val
ues of 0 in landfills are about 0.50 —0.60. Fig-
Fig. 24. An example of the change of leachate flow with
moisture content for a landfill (Crawford end Smith 1985).
ure 24. shows an example of the change in leach-
ate flow with moisture content of the landfill. For
soil materials pF-curve can be determined from
the particle size distribution.
An analysis of the relationship between soil
moisture 0 and matric potential 0 measured in
the Netheriands suggests that 0=0(0) can be sat
isfactorily given by the equation (Driessen 1986):
9(Ø)=O5exp{—g [ln(_O)]2} (24)
where
t9 = saturated water content when all the
pores are filled with water (m3 m3)
= soil parameter
•
= matric potential (m)
The indicative values of 0 and p are given in
Table 7. The equation (24) is a mathematical de
scription of the soil pF-curve.
Figure 25 shows water-holding characteristics
of soils. To illustrate the use of it consider a 0.6 m
top soil cover of silty loam over a landfill.
— The field capacity = 28 cmlm x 0.6 m = 16.8cm
— The wilting point = 10.Scmlm x 0.6 m = 6.3 cm
— The storage capacity = (16.8 cm—6.3 cm) =
10.5 cm.
c
0
0
.0
00
Max on flow
-
- :cai field watercapacity
Typical initial
deposition
1’
__j:1 absorption
0.35 0.5-0.5 0.8-1.15
Water content kg water/kg dry waate
(approximate scale)
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40
_jiat.4o8—H’ 40 where = flow velocity (m d)
K( 4)) = hydraulic conductivity of the soil
30 ljrajitationL 30 (function of soil matric potential)
I: : When 4) a::ed
water K( 4)) has its maximum value ie saturated hydrau
0
____________________ _______________
0 lie conductivity. As 4) decreases, the larger pores
will be emptied first and they do not contribute to
the water flow. This implies that K( 4)) is continu
ously decreased as 4) decreases. The measurement
of the relationship between 4) and K( 4)) is diffi
Fig. 25. Water-holding characteristics of soils (Lutton et cult and time-consuming. Therefore, mathematical
al. 1 979). descriptions are used to relate the matric potential
4) and hydraulic conductivity K( 4)). The equa
3.4.6 Water movement in soil tions used are the following (Driessen 1986):
Darcy’s law applies for the flow of water in satu- K(Ø)=K .exp(aK 4)) ; 4) (26)rated or unsaturated soil:
q=-K(Ø). dH!dz (25) K()=aK .(_Ø)1A ;<ax (27)
Table 7. Indicative values of Os,/1,4)max,r’<s,aKand aK forvarious soiltexture classes (partlyfrom Driessen 1986).
Soil type Parameter
Os m3 m3 4)maxm K5 cm d’ aK aK
Top soil 0.40 0.033 200 26.5 16.4 0.0398
Drainage layer 0.395 0.100 70 1120 0.08 0.224
Filter 0.540 0.0042 80 0.22 4.86 0.038
Solid waste 0.55 0.07 70 1050 0.08 0.224
Coarse sand 0.395 0.10 70 1120 0.08 0.224
Fine sand 0.364 0.029 175 50 10.9 0.05
Loamy sand 0.439 0.033 200 26.5 16.4 0.0398
Fine sandy loam 0.504 0.021 290 12.0 26.5 0.0248
Silt loam 0.509 0.0185 300 6.5 47.3 0.0200
Loam 0.503 0.0180 300 5.0 14.4 0.0231
Loess loam 0.455 0.0169 130 14.5 22.6 0.049
Sandy clay loam 0.432 0.0096 200 23.5 33.6 0.0353
Silty clay loam 0.475 0.0 105 170 1.5 36 0.0237
Clay loam 0.445 0.0058 300 0.98 1.69 0.0248
Light clay 0.453 0.0085 300 3.5 55.6 0.0174
Silty clay 0.507 0.0065 50 1.3 28.2 0.048
Heavy clay 0.540 0.0042 80 0.22 4.86 0.038
Peat 0.863 0.0112 50 5.3 6.82 0.1045
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- pF-curve for soil types and waste ø = moisture
- hydraulic concuctivity for soil h, = water potential
types and waste qi.i+i flow of water
- soil type for every layer (node)
Water balance equation for node i
de1q_J—q11
_________
- Sh,jdt Az
ShI = sink term
de. C = differential water capacity
C thickness of layerdh dt = time
dh. q11j —q,÷1 — K(h1) = hydraulic conductivityC. ShJ
zdt Az
1+1 are calculated by Darcys law
(h,÷1-
q1+ —4JK(h)K(h1+ — 1)
Fig. 26. Schematic figure of the calculations, input and output data of the 1-0 model.
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Fig. 27. Schematic tigure of the calculation grid ot the 2-D
model.
where
K = saturated hydraulic conductivity
(cm d1)
ømax = matric potential limit (m)
elK = soil parameter
aK = soil parameter.
The indicative values for all parameters are given
in Table 7. Fig. 26 shows the schematic figure of
the calculations, input and output data of the 1-D
model. Fig. 27 shows the schematic figure of the
calculation grids of the 2-D model. Fig. 28 shows
the schematic flow chart of the quasi 3-D model.
3.5 Comparison of results given by LCAM
the quasi 3-D model
3.5.1 Numerical analysis with LCAM and
the quasi 3-D model
This chapter compares the results given by the
more exact, quasi 3-D model (presented in Chap.
3.4) to the results obtained by LCAM (presented
in Chap. 3.3). Chapter 3.5.2 deals with uncertain
ity sources of the quasi 3-D model.
In the compariton, the initial data needed by the
3-D model were, as initial data, the pF-curve of the
soil and the hydraulic conductivity of soil as a func
tion of the soil moisture. The numerical analysis
was done with two different soil types, and the ini
tial data needed is shown in Fig. 29. Other param
eters needed were: the thickness of the surface
layer, 600 mm, and its hydraulic conductivity which
was io- mst, the thickness of the hydraulic bar
rier, 300 mm, and its hydraulic conductivity which
was between 10—i0 m s The calculations
were done with the hydrological data measured in
the Kaisaniemi area of Helsinki in the years 1981
and 1983. The first year was rainier than normal
(annual precipitation 790 mm) and the latter drier
than normal (annual precipitation 600 mm).
In the calculations different components of the
water balance were compared to each other calcu
lated by the 3-D model and LCAIVI. The main at
tention was paid to the infiltration, surface runoff,
surface layer runoff and the comparison of the sum
of the above components.
Figure 30 shows the components of the water
balance calculated by the 3-D model and LCAM
with the hydrological data for 1981. The hydraulic
conductivity of the hydraulic barrier was l0- m s
which represented the hydraulic conductivity of a
rather well-constructed hydraulic barrier. The re
sults calculated by LCAM were very close to the
results of the 3-D model. The greatest differences
were in the numerical analysis of surface runoff: the
3-D model gave 19.9 cm and LCAM 18.2 cm per
year. Infiltration through the wastes was in the 3-D
model 11.6cm per year and in LCAM 12.7cm per
year. The sums of the tbree components of water
balance were almost the same: the 3-D model gave
37.9 cm per year and LCAM 37.7 cm per year.
Figure 31 shows the same numerical analysis
when the hydraulic conductivity of the hydraulic
barrier was b-93 mst,which was a very tight hy
draulic barrier. Results analysed by LCAM and 3-
D models were almost the same in this case also:
the reduction of hydraulic conductivity decreased
the infiltration to the wastes substantially: the 3-D
model gave 1.4cm per year and LCAM 1.6 cm per
year. The surface runoff increased instead: the 3-D
model gave 28.2 cm per year and LCAM 27.2 cm
per year.
Figure 32 shows the values of the components
of the water balance when the hydraulic conduc
tivity of the hydraulic barrier was io° m The
results analysed with the 3-D model and LCAM
were almost the same. The infiltration to the
Grid = & = Ày = constant=20x30
ÔH..
AxAyS =q÷q-q0-4+RAxAy
qv.yoA = flow of water
R = rate of recharge.
S = specific yield
SH = hydraulic head at time St
are calculated by Darcys law
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Fig. 28. Schematic flow chart of the quasi 3-D model.
wastes in the 3-D model was 19.6 cm per year and
in LCAM 21.1 cm per year. Surface runoff was
less than earlier: in the 3-D model it was 13.6 cm
per year and in LCAM 11.7 cm per year.
When the hydraulic conductivity of the hydrau
lic barrier increased to the value sur
face runoff ceased almost totally and nearly half of
the annual precipitation infiltrated to the wastes. In
the 3-D model infiltration was 36.3 cm per year
and in the LCAM 36.9 cm per year. The results
calculated with both models were almost the same
in this case also. Surface runoff in the 3-D model
was 2.0 cm and in LCAM 2.4 cm. The components
of the water balance are shown in Fig. 33.
Figure 34 shows the components of the water
balance using the hydrological data for 1983. Hy
draulic conductivity was m s. The infiltra
tion to the wastes was only 7.1 cm in the 3-D
model and it was 7.6 cm in LCAM. The surface
runoff in both models was very small, it was 2.5
cm in the 3-D model and 1.9 cm in LCAM. The
results calculated with both models were very
similar to each other.
Figure 35 shows the moisture contents of soil at
three different depths calculated with the 3-D
model and LCAM. The results analysed with
LCAM were not significantly different from the
results analysed with the 3-D model.
Figure 36 shows the depths of the saturated layer
analysed with the 3-D model and LCAM using the
hydrological data for 1981. Also in this case
LCAM described the dynamics of the phenom
enon very reliably. Fig . 37 gives the results of
Fig. 36, so that the x-axis shows the depths of the
1. Day=1.
Read characteristics of soil data and climatic data.
Give start data: (hydraulic potential in vertical
direction and water level in horizontal direction)
2. Day = Day+ 1.
Compute with the 1-D model (vertical model)
flows and moisture proffle.
3. Compute 2-D model (horizontal model). Recharge
term R is computed in the point 2 (flow through
the lowest node).
4. Save the height of water level to be used as a
boundary condition of 1-D model for the next
time step.
5. Is the whole calculation period computed?
6. Results.
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Fig. 29. Properties of soils needed in the calcu
Istions of the pF-curve snd hydrsulic conductivi
ty es a function of moisture for the two different
types of surface layers. Modified from Driessen
(1986).
Fig. 30. Compsrison of the components of the
weter bslance analysed with the quasi 3-D mod
el and LCAM using the hydrological data for
1981. The hydraulic conductivity of the hydraulic
barrier is io ms1 and the hydraulic conduc
tivity of the surface layer is io— m s1. Sum =
surface runoff + infiltration to the wastes + sur
face layer runoff.
-‘—Series. 1
±.Serjes 2
::::‘::::::.:;;:::c:::::
100 000
cm
10000
1000
C
0
5
100
“ 10
0,1
10
cm
10.1
4
>
0
D
1
5 10
CD
>-
I
10•
108
10
-to
10
i.e.,: : :‘ ) 1.18 :. :‘ :
-‘—Series 1
tO P!fl’l Ott’!’! —f—Series 2
— :, .,.: ::..:.t.4 :
II thu I l’Pl’I’ I hI’iI’i’t I I’I’I’t’h’PI
:1 :,8:,c.,:¾tt,:,a :8:1.2,2,81
I I CCCIC ‘Ciii,,,, C 111111 I C
riPt”! 0 h ‘Pt! tOP!’!’?1.1.4 1 81.!. 1.4 1.!. 1,1.4 . 3
! fl’c”! !H’H’ ! !‘!‘!‘!‘! 0
— ¶1111flCI 111I1t1 C•C•flCICfl .C.I—C-Inpi—
!!P!’!”! ! ?P?!’!’t ! !‘‘.‘!‘!‘? ! !‘!‘!‘?‘tt!
• •‘Ifl•:I
— ,C,rn——,—C.I,fl,D.
II !‘%I.C’I I 11.41.1.4 C I’!. I’C.oI !‘l.I’3’3’I!
:1111:::::
— C 11 NP,,? -, flflfl • ¶iCi?I
Dflttflt::1:2 tflfl. :1:::: 11t
1.it,t•1.%?,r,8fl1,, %:,i,%,h
!: !‘t”! 0! 1’! !‘!‘ 0 ? 0’:’!’ ‘0 • :‘:to’o’o
II
t•c”: ::‘1’t’4 : :‘:‘i’t’o: :‘ •,‘,‘:
1 !!‘!hI”! 011’!’!’!’4 0 &!‘!‘!‘!‘! ! 0.!’.’
— I tttit • •,•,•,• ,•,•,16,D •
10 100 l000cml0000
Soil water tension
0.2 0.3 0.4 m3ni 0.6
Soil water content
56 Saarela Monographs of the Boreal Environment Research No. 3
saturated layer calculated with the 3-D model and
the y-axis shows the results analysed with LCAM.
As a conclusion from the numerical analysis it
can be said that components analysed with the
LCAM have very minor differences with the com
ponents analysed with the 3-D model. Therefore
LCAM is sufficiently accurate and it is not
necessary to use the complicated quasi 3-D mo
del. However, in future it is worthwhile to monitor
the results obtain by LCAM and to continue the
testings in different situations because in this work
it could be tested oaly in a limited scale.
3.5.2 Uncertainty sources of the quasi 3-D
model
The complicated model used in this study is a so
called quasi 3-D model, and in its solution the un
saturated zone is calculated with the l-D vertical
model and the fully saturated zone with the 2-D
groundwater model. These two models are con
nected with the boundary conditions e.g. the
depth of the groundwater level calculated by the
2-D model is the lower boundary condition of the
l-D model. The fixing of the lower boundary con
dition to a known level means that the quantity of
water flowing through a lower surface can be cal
culated, and this quantity of water is the recharge
needed in the 2-D model in the calculation for the
following time-step.
The solution of the vertical l-D model is based
on the solution of Richards’ equation done numeri
cally by the element method. The numerical solu
tion of the l-D vertical model is tested with several
test examples (Karvonen 1988). The 2-D model is
tested with examples presented in the literature
(Karvonen 1993).
In the calculation of the vertical part model in
put data from the waste body and upper surface
layers the following data are needed:
— pF-curve or relation between water content and
matric potential
— hydraulic conductivity of the soil as a function
of moisture (or field capacity)
The above parameters only describe at best the
average quality of wastes because exact data from
the whole landfill is impossible to obtain. The
complicated 3-D model is only used in the situa
tion where results of the 3-D model are used as so
called “exact measurements” in the testing of
LCAM. Input data presented in Korfiatis et al.
(1984) are used in the calculations of the 3-D
model concerning waste bodies as values for pF
curves and hydraulic conductivities. LCAM does
not need values of field capacity and hydraulic
conductivity as input data.
The other primary error source the of 3-D model
are the boundary conditions of the 2-D model. One
should know conditions of the water level in the
surroundings of the landfill (surrounding ditch) or
know the discharges from the landfill. Discharges
are, however, not known in practical situations and
so the oaly realistic boundary condition is to use
the groundwater level of the surrounding ditch.
However, these water levels are not usually meas
ured and it must be estimated that the water level is
at the same level as the bottom of the surrounding
ditch. This boundary condition prevents a situation
where the seepage face is already on the slope. Due
to the above uncertainties, the 3-D model cannot
give very exact results in practical situations and
this means that the conclusions are the same as ear
lier: the 3-D model can only be used in the testing
of LCAM when supposing that the groundwater
level behaves as if there is no seepage level. LCAIVI
does not need the water levels in the surroundings
of the landfill as input parameters.
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Fig. 31. Comparison of the components of the
water balance analysed with the quasi 3-C model
and LCAM using the hydrological data for 1981.
The hydraulic conductivity of the hydraulic barrier
is lW53 m 5 and the hydraulic conductivity of
the surface layer is 1W53 m s. Sum = surface
runoff + infiltration to the wastes + surface layer
runoff. Symbols are same as in Fig. 30.
Fig. 32. Comparison of the components of the
water bslence analysed with the quasi 3-C model
and LCAM using the hydrological data for 1981.
The hydraulic conductivity of the hydreulic barrier
is 1o8° m 5 end the hydraulic conductivity of
the surface layer is 1W53 m s1. Sum = surface
runoff + infiltration to the wastes + surface layer
runoff. Symbols are same as in Fig. 30.
Fig. 33. Comparison of the components of the
water balance analysed with the quesi 3-D model
and LCAM using the hydrological data for 1981.
The hydraulic conductivity of the hydraulic barrier
is 1W73 m 5 and the hydraulic conductivity of
the surface layer is io53 m Sum = surface
runoff + infiltration to the wastes + surface leyer
runoff. Symbols are same as in Fig. 30.
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Fig. 34. Comparison of the components of the
water balance analysed with the quasi 3-D model
and LCAM with the hydrological data for 1983.
The hydraulic conductivity of the hydraulic barrier
is 10 m s1 and the hydraulic conductivity of
the surface layer is io- m s1. Sum = surface
runoff + infiltration to the wastes + surface layer
runoff. Symbols are same as in Fig. 30.
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Fig. 35. Moisture content of soil at the depths of
10, 30 and 50 cm, analysed with the quasi 3-D
model and LCAM using the hydrological data for
1981.
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Fig. 36. Depth of the seturated layer (diatance
from the surface) calculated with the quaai 3-D
model and LCAM uaing the hydrological data for
1981.
Fig. 37. Comparison of the deptha of aaturated
layers calculated with the quasi 3-D model and
LCAM.
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4 Testing of LCAM
4.1 Background
The testing of LCAM was two phased. The first
phase included the field investigations of test
landfills and the second phase the comparison of
the quantities of leachate waters measured in the
test landfills and calculated by LCAM.
In planning the testing of LCAM, almost all
landfills in Finland were surveyed and their suit
ability for testing purposes was investigated and
estimated. From the survey, the Seutula, Karanoja
Hämeenlinna, Silmasuo Kuopio and Kyopeli Eura
landfills were chosen (Fig. 38). It was seen clearly
in the survey that at only a few landfills in Finland
had the quantities of leachate waters been meas
ured with a high enough accuracy, and for suffi
ciently long periods, to test LCAM.
Fig. 38. Testings and simulations of LCAM and the loca
tion of the hydrological observation stations.
4.2 Field investigations of test landfills
In the first phase of testing LCAM the aim of the
field investigations was to investigate two things.
They were the height of the water level in the
landfills and the hydraulic conductivity of surface
parts of the test landfills. Groundwater tubes were
installed into the landfills and weight sounding
tests were done at the same time. Water level
heights were measured weekly, and in the melting
period every other day, between 30.1.—
30.11.1992. Disturbed samples were taken from
the surface parts of landfills for laboratory inves
tigations (Table 8).
Weight sounding tests, installation of ground
water tubes and sampling were done in the Seutula
and Eura landfills with a multiple-use drill (A
Sondi 304). In Hameenlinna, investigations were
done with a multiple-use drill (A-Sondi 504) and
in Kuopio with a multiple-use drill (Borro). The
investigation standards were the same as men
tioned in App. 1.
The groundwater tubes were standard water
tubes, which had a sieve part (inner diameter 26
mm, length of sieve 1—2 m, diameter of holes 3
ann). Soil samples were taken with the sampler of
a multiple-use drill (auger-point, blade diameter
65 mm, length of sample taker 200 mm, inner di
ameter 25 mm). The grain size, water content, dry
unit weight and hydraulic conductivity of the sam
ples were investigated by the standard methods
mentioned in App. 1.
Tsble 8. The height and the area of the test landfills of
LCAM and the thickness and hydraulic conductivity of the
surface layers.
Landfill Height Area Surface layer
thickness hydraulic
conductivity
m Ihectare cm m
Seutula 31 16.4 20—40 io—io
Karanoja! 15 8 50—100 1063_lO.66
Hkmeenlinna
Silmhauo/ 20 12 50—100 1062_10.82
Kuopio
Kyopcli/ 10 1.3 20—50 io—io
Eura
Estonia
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On the Seutula landfill, eight weight sounding
tests were done on the investigation line 1 (PLO, FL
50, PL 100, PL 150, PL 200, PL 300, PL 400) and
five weight sounding tests were done on the investi
gation line 2 (PLO, PL 50, PL 100, PL 150, PL 200).
The depths were 0.7—1.2 m. The lengths of the inves
tigation lines were 200 and 400 m. Totally 31 sam
ples were taken from the surface parts of the landfill
from depths of 0.1—0.9 m. Five groundwater tubes
were installed in the landfill at the depths of 8.8—11.0
m(PV 1, PV 2, PV 3, PV 4, PV 5) (Fig. 39).
On the Hameenlinna landfill, six weight sound
ing tests were done on the investigation line 1 (PL
0, PL 50, PL 150, PL 200, FL 250, FL 285) and five
weight sounding tests were done on the investiga
tion line 2 (PL 0, PL 50, PL 100, PL 150, PL 170).
The depths were 2.2—4.0 m. The lengths of the in
vestigation lines were 170 and 285 m. Eight sam
ples were taken from the surface parts of the landfill
from the depths of 0.0—0.6 m. Seven groundwater
tubes were installed in the landfill at the depths of.
94-11.0 m(PV 1, PV 2, PV 3, PV 4, PV 5, PV 6,
FV 7) (Fig. 40).
On the Kuopio landfill, totally 10 weight sound
ing tests were done on the investigation line 1 (FL
30, PL 50, PL 85, FL 150, PL 200, FL 250, PL 300,
PL 350, PL 400, FL 420) and six weight sounding
tests were done on the investigation line 2 (FL 25,
PL 50, PL 85: the same as on line 1, PL 100, FL
150, PL 181). The depths were 2.4—5.0 m. The
lengths of the investigation lines were 185 and 420
m. Totally 85 samples were taken from the depths
of 0.0—4.0 m. Seven groundwater tubes were in
stalled in the landfill at the depth of 12.3—14.0 m
(PV 1, PV 2, PV 3, PV 4, PV 5, PV 6, PV 7, PV
8)(Fig. 41).
On the Eura landfill, seven weight sounding
tests were done on the investigation line 1 (PL 0,
PL 25, PL 50, PL 75, PL 100, FL 125, PL 150) and
five weight sounding tests were done on the inves
tigation line 2 (PL 0, PL 30, PL 80, PL 100: the
same as on line 1, PL 130). The depths were 0.6—
5.2 metres. The lengths of the investigation lines
were 130 and 150 metres. Totally 33 samples were
taken from the surface parts of landfills from
depths of 0.1—0.4 m. Three groundwater tubes
were installed at the depth of 7.5—8.0 m (PV 1, PV
2, PV 3) (Fig. 42).
4.3 Results of the field investigations of
the test landfills
The water levels in the test landfills are shown in
Figs. 39, 40, 41 and 42. According to the results
of the measurements the water levels in the land
fills were far from the surfaces of the landfills in
all seasons. The water levels were, on average,
midway between the top and the bottom of the
landfills. e.g. 7.5—14.0 m from the surfaces of the
landfills depending on the total height of the land
fills. At the edges of the landfills the vater levels
were at the level of the surrounding ditches.
On the basis of the results of the water level
measurements in the landfills it can be said that the
fundamental supposition of LCAM is correct
(Chapter 3.4.1) e.g. the spreading of water in
wastes is not modelled at all, but the result given
by the model is the amount of water, which infil
trates through the surface structures into the
wastes. Also according to Ettala (1987a), the infil
tration into the landfills is mostly over 1 mm min1
and after penetrating through hydraulic barrier, the
spreading of water in wastes is quick compared to
the heaviness of precipitation and the snow melt.
This means that after rainfall the surface layer is at
once in a hydraulic balance state. This is due to,
among other things, the way of construction of
Finnish landfills in which leachate water can freely
discharge into the surrounding ditches for in
landfills there is a lot of free void.
The hydraulic conductivity of the samples
taken from the surface parts of the landfills varied
between iOt5 and 1056 m s (Table 8).
It must be noted that the rinsing of groundwater
tubes was done twice during the testing period at
all landfills. Therefore, it could be supposed that
there were, for example, no blockages in the sieve
parts of the groundwater tubes.
4.4 The quantities of the leachate waters
measured in the test landfills and
calculated by LCAM
4.4.1 Background
In the second phase of the testing of LCAM the
aim was to compare the quantities of leachate wa
ters measured at the landfills and calculated by
LCAM. It must be noted that the quantities of lea
chate waters were not measured in this research
but were done by the landfill owners, consultants
or other parties.
62 Saarela Monographs of the Boreal Environment Research No. 3
Fig. 39. Draft description of field investigations at the Seutula landfill in the testing of LCAM. Investigation lines (a),
examples of weight sounding tests (b) and water levels between 30.3—30.11.1992 (c). Pieces of concrete and other hard
material made weight sounding tests difficult at almost all investigation points. Figure is to illustrate the procedure of
testing.
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Fig. 40. Field investigations at the Hameenhinna landfill in the testing of LCAM. Investigation lines (a), examples of weight
sounding tests (b) and water levels between 30.1—30.11.1992 (c). Pieces of concrete and other hard material made
weight sounding tests difficult at almost all investigation points.
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Fig. 41. Field investigations at the Kuopio landfill in the testing of LCAM. Investigation lines (a), examples of weight
sounding tests (b) and water levels between 17.1—30.11.1992. Pieces of concrete and other material made weight
sounding tests difficult at almost all investigation points.
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Fig. 42. Field investigations at the Eura landfill in the testing of the LCAM. Investigation lines (a), an example of weight
sounding tests (b) and water levels between 5.6—30.11.1992 (c). Pieces of concrete and other hard material made
weight sounding tests difficult at almost all investigation points.
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4.4.2 The measurements of leachate
waters in the landfills and their
error sources
Seutula landfill
In the Seutula landfill the quantities of leachate
waters were measured with a magaetic water
gauge, which generally gives exact results. How
ever, the outer ditch of the landfill could have
been iced over occasionally and this might have
lead to outside water sometimes flowing into
the surrounding ditch of the landfill . The er
rors caused by this could have been a maxi
mum of 3 000 m3 annually or 4—6 % of the leach-
ate water depending on the annual precipitation.
The second source of error was due to the
erosion failure in the dam of the leachate basin in
the testing period. The error caused by it was a
maximum of 3 000 m3 annually or 4—6 % of the
leachate waters depending on the annual pre
cipitation.
Hameenlinna landfill
In the Hameenlinna landfill the quantities of lea
chate waters were measured by the operating time
of a leachate removal pump. The accuracy of the
pump was checked by volume measurements and
the errors caused by it were below 10 % of the
annual total quantity of leachate waters. Below
the landfill there was also a small spring which
sometimes discharged small quantities of spring
water to the subsurface drains of the landfill. The
effects of the spring on the quantities of leachate
waters were estimated to be about 5 %.
Kuoplo landfill
In the Kuopio landfill the quantity of the leachate
waters were measured with a water gauge. In addi
tion to that, checking measurements from the
measurement weir had been done when the water
samples were taken. The measurements of leachate
waters were considered reliable and precise.
Eura landfill
In the Eura landfill the quantities of the leachate
waters were measured by measuring the discharge
of the leachate basin pipe in to a container.
The measurements were made three times a
week and an average value of several measure
ments was taken. The check measurements were
done four times per year by the water protection
association of South-West Finland. The measure
ments were fairly reliable with small flows but
with greater flows the accuracy was not as high.
Errors in the measurements were considered to be
about 10—20 % of the annual quantity of the leach-
ate waters.
4.4.3 Circumstances of the
measurements of the leachate waters
At the test landfills the measurements of the lea
chate waters were not done under controlled cir
cumstances and impreciseness of the measure
ments has caused uncertainty in the results. Com
pared to the earlier research results, for example,
Knox and Gronow (1993) and Melchior et al.
(1993), the quantities of leachate waters in this re
search were higher. Some of the differences could
be accounted for by the measurements being done
under more controlled or different circumstances
in their measurements. A more controlled way of
testing would have been to measure separately in
filtration, surface runoff and subsurface layer run
off but under the test circumstances of the re
search this was impossible.
4.4.4 Input data in the testing of LCAM
The testing of LCAM was done with the observa
tion and research data of the test landfills in a time
period of 3—4 years during 1987—1992. Fig. 43
shows means, medians, maximum and minimum
hydraulic conductivities of the surface parts of the
test landfills. Three different values of hydraulic
conductivity were used in the testing (Fig. 44)
based on the laboratory measurements of the sam
ples taken from the surface parts of the landfills.
This was done to determine the sensitivity of
LCAM to the changes in hydraulic conductivities
of surface stuctures. The surface structures of the
landfills in the model testing are shown in Fig. 44.
Table 9 shows, as a summary of simulation peri
ods, annual quantities of leachate waters and hy
draulic conductivities used in the simulation.The
other values of the input data are shown in App. 3.
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a) Precipitations: Pt in 1989: 665 mm, in 1990: 759 mm
in 1991: 637 mm, in 1992: 774 mm
Depth of waste layers: 31 m
Area 16,4 ha
Precipitations: P in 1988: 652 mm, in 1989: 699 mm,
in 1990: 588 mm
Slope: 7 %, length of slope 80 m
Hydraulic conductivity Hydraulic conductivity measured — —
in simulation 750mm in the laboratory from samples — —o
10’ m s, 10.7,0 m 10,0 m s1 10,3 - 10°’ m s
— 0 0
Depth of waste layers: 15 m ‘ .‘4 ‘
Area: 8 ha .
Precipitations: Pt in 1987: 660 mm, in 1988: 634 mm
in 1989: 583 mm, in 1990: 604 mm
Slope 6 %, length of slope 70 m
Hydraulic conductivity Hydraulic conductivity measured
—. 0 — —
in simulation 750mm in the laboratory from samples 0 Z, o 0
10’ m SI, 10’ m s1, 108,1 m s1 10,2 — 108,2 m s —. —
Depth of waste layers: 20 m ‘ ‘‘ -
Area: 12 ha
Precipitations: Pt in 1987: 576 mm, in 1989: 568 mm
in 1990: 591 mm, in 1992: 645 mm
Slope: 8 %, length of slope 30 m , ,
Hydraulic conductivity f Hydraulic conductivity measured —
in simulation 350mm in the laboratory from samples 0
— 6
0
10,2 m -l, 107,0 m s, 10.7.8 m s 10’ - iO’ m s1 0
—
+ —
Depth of waste layers: 10 m . . .-
Area: 1,3 ha
1) Vegetation type: No vegetation
Slope: 5 %, length of slope 100 ml)
Hydraulic conductivity Hydraulic conductivity measured —
in simulation 300mmI in the laboratory from samples o ,
i0 m s-i, i0,° m s, 107,8 m s- J, 1O- - 10’ m 51 —: o — —
b)
c)
d)
Fig. 44. Surface structures of landfills in the testing of LCAM. Seutula (a), Hãmeenlinna (b), Kuopio (c) and Eura (d).
Other input data are shown in App. 3.
68 Saare!a
a)
ca
a)
Ca
-c
0
CU
a)
0
>-
C
Ca
D
ci
a)
Ca
a)
Ca
-C
0
Ca
a)
0
C
Ca
ci
Monographs of the Boreal Environment Research No. 3
370
0 74 148
Time
222 296 d370 0 74 148
Time
222 296 d 370
0 74 148 222 296 d3700 74 146 222 296 ci
Time Time
n 0 Measured o ci Measured
calculated K= 10-6.3 m s1 x Calculated
Calculated K= iw7•° ms1 Calculated
-a Calculated K= 1o7.8 m s1 a- Calculated
Fig. 45. The quantities
in 1989—1992.
K= 1063m51
K= 10.7.0 ms1
-7.8
-1K=10 ms
of leachate waters from the Seutula landfill, actual measurements and those from LCAM
Hydraulic approximation of infiltration characteristics of surface structures on closed landfills 69
a)
Co
a)
a)
C)
a)
a
>
C
Co
D
ci
a)
a)
a)
Co
-c
()
Co
a)
0
C
Co
ci
0 74 148
Time
222 296 d 370 0 74 148 222 296 ci 370
Time
74 148 222 296 d 370
Time
u Measured
x- x Calculated K= 10-6.5 ms1
Calculated K= 107.0 ms1
-
. Calculated K= 1o8.0 ms
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4.4.5 Results from the testing of LCAM
Seutula landfill
In the Seutula landfill the quantities of leachate
waters calculated by LCAM had an error limit of
20 % compared to the measured values. With the
two greatest hydraulic conductivities (10-6.3 m
and 10-7.0 m 1), the calculated leachate waters
differed very little from each other. It is due to the
fact that with such large hydraulic conductivities
the greatest part of the precipitation and melting
waters infiltrated into the wastes (Fig. 45).
Hämeenlinna landfill
In Hameenlinna the quantities of leachate waters
in the years 1988 and 1990, calculated by LCAM,
had an error limit of 10 % compared to the meas
ured values. In 1989 the measured leachate waters
were considerably greater than those calculated by
the model. The reason for that could be the spring
below the landfill or the precipitation being meas
ured in Hattula. The distance between Hattula and
the landfill was about 20 km (Fig. 46).
Kuoplo landfill
In Kuopio the quantities of leachate waters calcu
lated by LCAM had an error limit of 20 % com
pared to the measured values, with the exception
of 1987 when the measured leachate waters were
clearly greater than those calculated. No clear rea
son for this could be given. Part of the reason
might be that the precipitation was measured at
Kuopio airport which is about 10 km from the
landfill (Fig. 47).
Eura landfill
In the Eura landfill the quantities of calculated
leachate waters had an error limit of 20 % com
pared to the measured values with the exception
of 1990. In 1990, LCAM clearly predicted greater
leachate waters than the measurements. The pre
cipitation has been measured in Peipohja which is
about 20 km from the landfill. Some of the differ
ences could be explained by errors in the meas
urement of the precipitation (Fig. 48).
EEEEJ Minimum H Muun
_____
Median [ZESISHI Manimum
Fig. 43. Means, medians, maximum and minimum hydrau
lic conductivities of the surface parts of the test landfills.
Table 9. Simulation periods, annual quantities ot leachate waters and hydraulic conductivities used in the simulation of
[CAM.
Teuting Quantity of Hydraulic conductiviticu
Landfill periodu annual meaunred uued in the
teachate wateru0 21 aimntation31
m3 mm m
Seutula 1989—1 992 54 000—81 000 330—490 io 10T 10T8
Karanoja/
Hamcenlinna 1988—1990 35 000—42 000 440—520 1065 1070 l0°
Silmhsuo/
Kuoplo 1987—1990 48 000—64 000 400—530 1065 l0 l0t
Kyopeli/
Eura 1987, 1989, 5 600— 6 300 430—485 1062 1o7° l0
1990, 1992
t) annual quantities of leachate waters are shown in Figs 45, 46, 47, 48
2) values also include surface runoff and surface layer runoff
3) values are based on the laboratory investigations of the samples shown in Table 8
H-Euw —I Hameanlinna l—Kuopio-l F-Seutula-l
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4.4.6 Relation between the infiltration and
the surface runoff
The results included the total quantity of leachate
waters (infiltration, surface runoff and subsurface
runoff), because under the test circumstances it
was impossible to measure separately the infiltra
tioo, surface runoff and subsurface runoff. It can
be supposed that the surface runoff of the test land
fills was small due to cracks and displacements on
the surfaces of the landfills. This is due to the fact
that the test landfills had not properly planned and
constructed surface structures because at that time
is was common practice to operate landfills with
out structural and vegetation quality standards.
Also according to Ettala (1987a), surface runoff
is small on Finnish landfills due to the low inten
sity of rainfall, small landfills and displacements
and cracks on surface layers of the landfills.
4.4.7 Reliability of LCAM
As a result of the testing it can be seen that LCAM
functioned reliably at the test landfills with some
exceptions (Hameenlinna in 1989, Kuopio in 1987
and Eura in 1990). However, in future it is worth-
wile to monitor the results obtained by LCAM. It
would be also useful to continue testing LCAM
under more controlled circumstances where the
infiltration, the surface runoff and subsurface lay
er runoff can be measured separately, because in
these test circumstances that was impossible.
Some of the inaccuracies were due to the errors
in the measurements of leachate waters and the
distances between the hydrological stations and
the landfills. The hydraulic conductivities of the
surface parts may also be erroneous, though many
samples were taken from different parts and from
different depths. In the use of LCAM, one should
pay special attention to the accuracy of the meas
urements, among other things, to the measure
ments of precipitation. Precipitation should be
measured at the landfill because, for example, the
quantities of summer rains can differ very much
over even short distances.
5 Simulation of different factors in
the approximation of the surface
structures of the landfills with LCAM
5.1 Background
This chapter deals with the simulation of the ef
fects of different factors with LCAM in the ap
proximation of surface structures e.g. the thick
ness and the hydraulic conductivity of the hydrau
lic barrier, the hydraulic conductivity and the
thickness of the surface (vegetation) layer, vege
tation, snow removal and a drainage layer on the
quantity of the infiltration of the precipitation into
the wastes.
5.2 Input data and the structures
analysed
In the first stage of the simulation, the aim was to
find the variables which affect the quantity of in
filtration into the wastes. In this stage all varia
bles of LCAM were checked and the hydraulic
conductivity of the hydraulic barrier or the sur
face soil layer was found to be the most important
variable. On the basis of this, the simulation was
carried out in such a way that the hydraulic con
ductivity of the hydraulic barrier or the surface
soil layer varied from l0 to s to io9 m s.
In the second stage of the simulation, only the
surface soil layer was examined. The thickness of
the surface soil layer varied in the calculations be
tween 100—1 100 mm and the hydraulic conductiv
ity varied from iot to 1o9 ms1.
In the third stage of the simulation, different
methods to reduce the quantity of the infiltration to
the wastes were examined e.g. vegetation, snow
removal and drainage structures with the different
values of the hydraulic conductivity of the hydrau
lic barrier.
The simulations were done at the latitudes of
Helsinki, Kuopio and Sodankyla. Hydrological
data was the medium values from the year 1973 to
the year 1981. The medium precipitation was in
Helsinki 679 mm a1, in Kuopio 667 mm at and in
Sodankylh 497 mm at.
The slope of the landfill in the simulation was
5 %, the length of the slope 80 m, the thickness of
the hydraulic barrier was 500 mm and the hydrau
lic conductivity was io5—io9m s1, the thickness
of the surface (vegetation) layer was 600 mm and
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the hydraulic conductivity was m the
thickness of the drainage layer was 200 and 400
rmn and its hydraulic conductivity was io m
Fig. 49 shows surface structures used in the simu
lation and App. 3 shows the values of input data.
5.3 Effects of different factors
5.3.1 Effects of the surface soil layer
The simulation was begun by simulating the ef
fects of the hydraulic conductivity and the thick
ness of the surface soil layer on the quantity of the
infiltration into the wastes. From the results it was
seen clearly that the hydraulic conductivity of the
structure was the most decisive factor how much
precipitation infiltrated into the wastes. Accord
ing to LCAM a great decrease in the quantity of
infiltration to the wastes was not attained by only
increasing the thickness of the surface soil layer.
If the hydraulic conductivity of the soil layer in
the simulation was m it was practically
impervious. However, frost and settlements can in
crease it in practice. When the hydraulic conduc
tivity of the soil layer was b-5 m s1, about 20 %
of the annual precipitation infiltrated into the
wastes. When the hydraulic conductivity of the
soil layer was l0—l0 m s, about 60—80 % of
the annual precipitation infiltrated into the wastes
(Fig. 50 a, b, c).
The differences in the quantity of infiltration
between Helsinki, Kuopio and Sodankyla were
due to the fact that the greater part of the annual
precipitation comes in the northern parts of Fin
land as snow, which decreases the evaporation and
increases the infiltration into the wastes. The mini
mum thickness of the hydraulic barrier should be
about 500 mm due to cracks, settlements and con
structional reasons.
5.3.2 Effects of the vegetation
Evapotranspiration depends greatly on the quality
of vegetation, nutrient content, and thickness of
the surface (vegetation) layer. The nutrient content
of the vegetation layer should be checked by nutri
ent analyses and nutrient additions depend on the
planned vegetation. The thickness of the vegeta
tion layer must be great enough so that the vegeta
tion has enough room for roots. Chapter 2.4.8
deals with the factors affecting the success of veg
etation and landscaping of landfills. For example,
with the blending of tree bark and sewage sludge
good results have been attained with a willow
plantation.
The length of the roots of the vegetation have a
meaning on the thickness of the surface layer. If a
too thin vegetation layer is used, it will not store
enough water and then the vegetation has not
enough water and the effects of evaporation and
interception weaken. According to Neumann
(1984), the minimum thickness of the needed veg
etation layer for trees is 150 cm, 50 cm for bushes
and 30cm for grass. The roofing zone of trees must
not be compacted and the surface layer must be
spread with light machines. The compaction of the
roofing zone is one of the greatest dangers in the
success of trees on landfills.
According to LCAM, the effect of evapo
transpiration, at best, was in reducing in filtra
tion when the hydraulic conductivity was about
1W7 m s or more. Then, good willow reduced
about 20—30 %, good grass about 15—20 % and
poor grass about 5—10 % of annual precipitation
(Fig. 51 a, b, c).
5.3.3 Effects of the snow removal
Infiltration can be reduced by removing snow to
outside the surrounding ditch of the landfill. This
should happen once in the winter at the optimum
time when the amount of snow is at a maximum
before it starts melting. According to LCAM
snow removal had the greatest effect when the
hydraulic conductivity of the hydraulic barrier
was about 1o7 m s or more. On the latitude of
Helsinki, according to LCAM, snow removal re
duced the infiltration calculated with the data
used in the simulation, by about 5—10 %, in Kuo
pio about 10—15% and in Sodankyla about 20—25
% of the annual precipitation (Fig. 52 a, b, c).
The optimum time for removing snow, accord
ing to LCAM, in Helsinki and Kuopio was the first
half of March and in Sodankylä the first half of
April (Fig. 54). In the simulation, the thickness of
snow in Helsinki was 21.1 cm (water equivalent of
snow 53 mm), in Kuopio, 27.7 cm (water equiva
lent of snow 69 mm) and in Sodankylit 54 cm (wa
ter equivalent of snow 153 mm). It was supposed
in the simulation that a 5 cm snow cover remained
on the surface of the landfill after snow removal.
The infiltration was calculated from the annual
precipitation. The period of the calculation was
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Vegetation type: No vegetation
Slope 5 %, length 80 m
Surface soil layer 100 mm - 1000 mm
Hydraulic conductivity 10 - 10 m
Wastes
O° ‘C —‘—0
‘0—
.0 .0—
0 — —
0 —. — —
Vegetation types: No vegetation, poor grass,
normal grass, good grass, good willow
Slope: 5%, length of slope 80 m
burtace layer UU mm
Hydraulic conductivity 10 m
Hydraulic barrier 600 mm
Hydraulic conductivity 10 - 10 m s1
Vegetation type: No vegetation
Slope 5 %, length 80 m1)
Surface layer 500 mm
Hydraulic conductivity i0 m
rlyaraunc Darner ouu mm
Hydraulic conductivity 10 - 10 m s’
Precipitation used:
(The medium precipitations from
the year 1973 to the year 1981)
Helsinki: 679 mm
Kuopio: 667 mm
Sodankyla: 497 mm
I) Water equivalent of snow in the period of the calculation from the year 1973
to the year 1981: Helsinki 53 mm, Kuoplo 69 mm, Sodankyla 153 mm.
a)
b)
c)
d)
Fig. 49. Surface structures in the simulation of the different factors by LCAM: effects of the surface soil layer (a), effects of
the vegetation (b), effects of snow removal (c) and effects of the drainage layer (d). Other input data are shown in App. 3.
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from the year 1973 to the year 1981.
It must be noted that the water equivalent of
snow in the period of the calculation was low. For
example the average maximum water equivalent of
snow between 196 1—1975 was 100 mm in Helsinki,
160mm in Kuopio and 180mm in Sodankyla.
However, snow removal depends often on local
circumstances because, for example, landfills can
be situated at high locations and then wind can
blow snow away. It is also possible to take snow
into consideration in the frost protection of the hy
draulic barrier.
5.3.4 Effects of the drainage layer
The drainage layer is used in the multilayered
structures. It leads part of infiltration away
before it infiltrates into the hydraulic barrier. Ac
cording to LCAM the effect of the drainage layer
was at its best when the hydraulic conductivity of
the hydraulic barrier was, on average, between
and 1065 ms1.Then it reduced the infiltra
tion to the wastes by about 10—15 %, its thickness
being 200 mm, length 80 m, slope 5 % and hy
draulic conductivity m s_i. If the thickness
was 400 mm, it reduced the infiltration by about
20—25 % of the annual precipitation (Fig. 53 a).
If the drainage layer was shorter, for example,
30 m, it reduced the infiltration by about 25 %. If
the drainage layer was longer, for example, 150 m,
it reduced the infiltration by about 10 % (Fig. 53b).
If the slope of the drainage layer was 20 % it
reduced the infiltration by about 20 %. If the slope
of the drainage layer was 1 %, it reduced the infil
tration by about 5 % (Fig. 53c).
5.4 Costs comparison of different factors
According to the above simulations with vegeta
tion, snow removal and the drainage layer, it was
possible to attain, on average, a reduction of 10—
25 % of the infiltration of the annual precipitation
depending on the structures and the location of
the landfill. According to the construction costs
(Viatek Tapiola Oy 1991), the construction of the
drainage layer costs 310 000 FfMlhectare. The
costs of vegetation depend very much on the type
of vegetation: the planting of trees costs 200 000
FIM/hectare and light grass costs 20 000 FIM!
hectare. Snow removal costs 5 000 FlIvllhectare
yearly.
In the cost comparison it was seen that snow re
moval is by far the cheapest way to reduce infiltra
tion. Its disadvantage is, however, that it must be
done yearly. However, it is possible that the cost is
included in the operational costs of the landfill. If
the leachate water is lead away and treated in a
treatment plant, snow removal reduces the quan
tity of the leachate water and the costs of the treat
ment. In the Finnish climate, snow removal can be
taken into consideration as one cheap way for the
management of landfills to reduce infiltration into
the wastes.
When permeable excess soil is used in the hy
draulic barrier, it is possible to reduce hydraulic
conductivity by adding bentonite to it. The costs of
soil improved with bentonite vary from 180 000—
380 000 FlMlhectare depending on the desired
level of hydraulic conductivity. The quantity of
bentonite varies by 1—7 % depending on the desired
level of the hydraulic conductivity (Table 10).
Table 10. Costs of improvement of soil with bentonite
(Luotojärvi, T. 1993, personal communication, Lohja
Rudus Environmental Technology Oy Ab).
Hydraulic Hydraulic Costs Costs/hectare;
conductivity of conductivity of layer depth
soil needing soil improved 20 cm
improvement by bentonite
m s m s FIM m3 FIM/hectare
io5 l0 90 180000
i0 10 135 270000
i0 i0 190 380000
5.5 Estimation of the surface structures
chosen for covering Finnish landfills
using the results of the simulation
by LCAM
5.5.1 Background
In this chapter, the results of simulations are used
in the estimation of the surface structures chosen
for Finnish landfills. The chosen types of landfill
surface structures can be divided into two groups.
Types 1, 2 and 3 are multilayered structures hav
ing three structure layers (hydraulic barrier,
drainage layer and vegetation layer) analysed by
LCAM. Types 4 and 5 are simple structures, hav
ing two structure layers (dense soil layer and sur
face layer) analysed by LCAM (Table 11).
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Table 11. Surface structure layers of landfills chosen tor
Finnish landfills.
Structure layer Surface structure type (Fig. 11)
1 2 3 4 5
Vegetation layer x x x
Surface layer x
Drainage layer x x x
Hydraulic barrier x x x
Dense soil layer x x
Gas control layer x x x
Foundation layer x x x x x
Gas control and foundation layers were not simu
lated because it was supposed that they were so
pervious and did not have a great effect on the
quantity of infiltration. However, for example, a
foundation layer can be simulated as a part of the
hydraulic barrier if needed.
According to the simulations, the hydraulic
conductivity of the hydraulic barrier in the
types 1, 2 and 3 and the dense soil layer in the
types 4 and 5 were the decisive factors in the pre
vention of infiltration into wastes. When a perme
able material is used in the surface structures it is,
however, possible to reduce the quantity of infil
tration by use of vegetation, snow removal and a
drainage layer.
5.5.2 Relations between the hydraulic
barrier, vegetation, drainage layer and
snow removal
Figure 50 shows that the hydraulic conductivity
of the structure is the most important factor in the
prevention of the infiltration of the precipitation
into the waste. It also shows that, according to
LCAJvI, an increase in the thickness of the struc
ture does not greatly decrease the quantity of the
infiltration to the wastes.
If the hydraulic conductivity of the hydraulic
barrier or the dense soil layer is i09 the
structure is practically impervious, if there are no
cracks. For example, according to Loukola
(1985b), the hydraulic conductivity of clay from
Taasia is about 10b0_109 mst.
When the hydraulic conductivity of the hydrau
lic barrier or the dense soil layer is io- m s, the
infiltration is about 20 % of annual precipitation, if
there are no cracks or settlements etc. With a good
cover of vegetation this amount of infiltration can
be reduced by about 5 % (Fig. 51).
If the drainage layer is used, it can reduce infil
tration for this hydraulic conductivity of the hy
draulic barrier, on average, by about 10—20 %,
depending on its thickness, slope and length
(Fig. 53).
When the hydraulic conductivity of the hydrau
lic barrier or the dense soil layer is i0—i0 m
infiltration into the wastes is about 60—80 % of the
annual precipitation. For example, according to
Loukola (1985b), the hydraulic conductivity of
moraines in the Hautapera, Kalajärvi and Kyrkos
jSrvi dams is between io5 and io-7ms1.If the hy
draulic conductivity of the hydraulic barrier or the
dense soil layer exceeds the value of 1o7 m s, a
denser material should be found, or reduce the hy
draulic conductivity with bentonite, geomembranes
or geosynthetic clay liners. Also vegetation, snow
removal or a drainage layer can be used to reduce
the quantity of infiltration.
At its best, the effect of evapotranspiration
from vegetation is to reduce infiltration when the
hydraulic conductivity of the hydraulic barrier or
the dense soil layer is about i07 m or more.
Then good growing willow can reduce about 20—
30 %, good growing grass about 15—20 % and poor
growing grass about 5—10 % of the annual precipi
tation (Fig. 51).
The effect of snow removal is at its best when
the hydraulic conductivity of the hydraulic barrier
or the dense soil layer is about io m s or more.
At the latitude of Helsinki, snow removal can re
duce infiltration by about 5—10 %, in Kuopio about
10—15 % and in Sodankyla about 20—25 % of the
annual precipitation (Fig. 52). However, it must be
noted that the infiltration depends on the water
equivalent of snow and in the period of the calcula
tion of this research (1973—198 1) it was low.
A drainage layer is used in the multilayered
structures. It leads away part of the infiltration be
fore it infiltrates into the hydraulic barrier. The ef
fect of the drainage layer is at its best when the hy
draulic conductivity of the hydraulic barrier is, on
average, between 10.65 and io75 m s. Then it
can reduce the infiltration by about 10—25 % of an
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Fig. 50. Effects of the hydraulic con
ductivity and the thickness of the
soil layer on the quantity of infiltra
tion into waste at the Helsinki lati
tude (a) at the Kuopio latitude (b)
and at the Sodankyla latitude (c).
No vegetation is on the surface of
the landfill, length of the slope is 80
m and slope is 5 %. Intiltration is
calculated from the annual precipi
tation. The surface structure and
other input data are shown in Fig.
49 and in App. 3.
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Fig. 51. Effects of the hydraulic con
m a 1o ductivity of the hydraulic barrier and
the different vegetation on the
quantity of the infiltration into waste
at the Helsinki latitude, (a) at the
Kuopio latitude (b) and at the So
dankyla latitude (c). Length of the
slope is 80 m, slope is 5 %, thick
ness of the surface layer is 500 mm,
hydraulic conductivity is i0 m
and the thickness of the hydraulic
barrier is 600 mm. Infiltration is cal
culated from the annual precipita
tion. The surface structure and oth
er input data are shown in Fig. 49
and App. 3.
Hydraulic conductivity of hydraulic barrier
io io to to6
too
a
80
40
0)
>.
0
C
.2 20
a
c
0
100
2 80
C
0
a
60
40
>.
0
C
0
20
C
0
100
a
080
c
0
(0
.9. 60
U
0(
0.
40
>.
0
c
20
(0
C
0
10.6 106 i- ms 10
Hydraulic conductivity of hydraulic barrier
80 Saarela Monographs of the Boreal Environment Research No. 3
100
HELSINKI
CU
o 80
C
0
CU
60
C-)
CU
a
8 40
CU
>.
0
C
20
CU
C
100
CU
o 85
C
0
CU
a 60
C)
CU
a
>,
40
SC
>.
0
C
20
CU
C
ba
CU
CU
o80
C
0
CU
65
C)
CU
a
>.
40
CU
0
C
0
(U
4’
C
20
a
Fig. 52. Effects of the hydraulic con
ductivity of the hydraulic barrier and
the removal of snow on the quantity
of infiltration into waste at the Hel
sinki latitude, (a) at the latitude of
Kuopio (b) and at the latitude of So
dankyla (c). No vegetation is on the
surface. Infiltration is calculated
from the annual precipitation. The
surface structure and other input
data are shown in Fig. 49 and App.
3. Water equivalent of snow in the
period of the calculation from the
year 1973 to the year 1981 was low,
being in Helsinki 53 mm in Kuopio
69 mm and in Sodankyla 153 mm.
For example, the average maximum
water equivalent of snow from the
year 1961 to the year 1975 in Hel
sinki was 100 mm, in Kuopio 160
mm and in Sodankyla 180 mm.
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Fig. 53. Effects of the hydraulic
ms.1 106 conductivity of the hydraulic barrier
and the thickness of the drainage
layer on the quantity of infiltration
into waste (a), effects of the hydrau
lic conductivity of the hydraulic bar
rier and the length of the drainage
layer on the quantity of infiltration
into waste (b) and effects of the hy
draulic conductivity of the hydraulic
barrier and the slope of the drain
age layer on the quantity of infiltra
tion into waste (c) at the Helsinki lat
itude. No vegetation is on the sur
face. Infiltration is calculated from
the annual precipitation. The sur
face structure and other input date
are shown in Fig. 49 and App. 3.
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Fig. 54. Optimum time tor snow removal at the Helsinki,
Kuopio and Sodankyla latitudes according to LCAM. Peri
od of the calculation is trom the year 1973 to the year
1981.
nual precipitation depending on its thickness, hy
draulic conductivity, length and slope (Fig. 53).
The effect of the landfill slope in preventing in
filtration by increasing the surface runoff is at its
greatest when the hydraulic conductivity is, on av
erage, between 1065 and io- m s1. Then it can
reduce, for example, the infiltration about 20 % of
the annual precipitation when the slope is 20 %
(Fig. 53c). However, cracks and settlements often
prevent surface runoff.
The chosen thicknesses of vegetation layers for
different types of vegetation should be of values
such as those presented by Neumann (1984). Ac
cording to him, the minimum thickness of the veg
etation layer for trees is 150 m, 50 cm for bushes
and 30 cm for grass.
In summary, the hydraulic conductivity of the
hydraulic barrier, in the types 1,2 and 3 and the
dense soil layer in the types 4 and 5, is the
most important factor in preventing infiltration of
precipitation into waste. In practice, the material
and requirements for the tightness of the hydraulic
barrier must be decided on the risk assessment of
the environmental consequences of the landfill
(Chapter 6). The minimum thickness of the hy
draulic barrier or the dense soil layer should be
about 500 mm due to cracks, settlements and con
structional reasons. However, it must be noted
that, in practice, differential settlements, uneven
compression of underlying waste and frost wili al
most certainly produce cracks within the hydraulic
barrier and increase the hydraulic conductivity.
Therefore, models, in general, are most applicable
for the early period after placement but later,
the leakage estimates provided by models are ex
pected to underestimate the actual field conditions.
This is also the case in LCAM developed in this
research.
If infiltration caused by settlements and cracks
are expected to cause a serious threat for ground—
or surface waters, then the use of bentonite mix
tures, geomembranes and geosynthetic clay liners
must be considered because they are much better
able to resist these kinds of damage than, for exam
ple, compacted clay.
5.6 Practical examples for the use of the
results of simulation by LCAM in the
approximation of infiltration into the
wastefill
Design diagrams in Figs 50—54 can be used in the
approximation of the quantity of the infiltration
into the wastefill. In the following, some exam
ples of their use are shown. LCAM can be used in
the exact analysis.
Example 1
Clay is used in the hydraulic barrier of a closed
landfill. Its hydraulic conductivity is io9 m s1.
The Helsinki latitude is used in the example. With
this value of the hydraulic conductivity an almost
impervious structure is attained, if there are no
cracks and settlements caused, for example, by
frost (Fig. 50a). The minimum thickness of the
hydraulic barrier should be about 50 cm. A sur
face layer must also be on the hydraulic barrier
and its thickness depends on the planned vegeta
tion and enduse. The nutrient content of the sur
face layer must be checked by nutrient analysis.
Vegetation is important in evapotranspiration and
for the prevention of erosion and landscaping. It
is possible to also build a drainage layer on the
hydraulic barrier. Probably the displacement of
wastes caused by organic decomposition and frost
will increase the hydraulic conductivity of the hy
draulic barrier.
Example 2
Same moraine which is used in the structures of
the Kyrkosjarvi dam is used in the surface struc
tures of a landfill. Its hydraulic conductivity, ac
cording to Loukola (1985b), is about 10-7.0 m s.
The Kuopio latitude is used in the example. 65 %
Janua,y Feb,aa,y Ma,oh 4,11 May
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of the annual precipitation infiltrates into the
wastes (Fig. 50b). Good willow vegetation de
creases the infiltration by about 25 % and then to
tal infiltration into the wastes is about 40 % of the
annual precipitation (Fig. 5 lb). If all the landfill
is covered by well growing willows, snow remov
al is then difficult. However, if the vegetation
type is good grass, it decreases the infiltration by
about 15 %. Then snow removal is also possible
and it can decrease infiltration by about 5% (Fig.
52b). The total infiltration to the wastes is then
about 45 % of the annual precipitation.
Example 3
Surface structures have been designed for the
industrial landfill of Outokumpu Polarit Oy
(Fig. 55). The hydraulic barrier moraine layer.
The thickness of the moraine layer is sufficient
but its efficiency in preventing infiltration de
pends greatly on its hydraulic conductivity which
is not shown. If its hydraulic conductivity is the
same as the moraine of the Kyrkosjarvi dam
(Loukola l985b), being about io-° m the hy
draulic conductivity of the structure is too great.
The hydraulic conductivity can be reduced by
adding bentonite so that the hydraulic conductivi
ty is io-9 m 5’ The other structures are the foun
dation layer, which is slag from a steel mill
(thickness 500 mm). The filter layer (thickness
100—200 mm, made of ground FeCr slag) is ac
ceptable and the surface layer (thickness 400 mm)
and the slope (5%) are also acceptable. The nutri
ent content of the surface layer must be checked
by nutrient analysis. For example, a blending of
bark and sewage sludge can be used in the surface
layer. Vegetation can be, for example, willows
which have a good capacity of evaporation.
Frost is not, however, taken into consideration in
the design of the protection of the hydraulic barrier.
The frost depth in the Toruio area is about 220 cm
(Suomen Rakennusinsinoorien liitto RIL ry 1988).
On the surface of the hydraulic barrier there should
be an extra 180 cm thick soil layer which, together
with the surface layer (40 cm) in the plans, are suf
ficient frost protection for the hydraulic barrier.
Example 4
Surface structures have been designed for the
landfill of the Puumala community (Fig. 56). The
designed structure represents the simple cover
types 4 and 5 (Fig. 11 d, e). As the landfill does
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Fig. 56. Surface structures designed for the landtill of the
Puumala Community (Maa js Vesi Dy 1993).
not pose an environmental risk, according to the
closing plans, the structure type and layer thick
ness are acceptable. The 20 cm humus layer on
the surface layer is sufficient for grass and the 70
cm moraine layer under it is also sufficient. The
structure also has a 20 cm foundation layer. Frost
is not a necessary consideration in this type of
simple structure. As methane and sulphur com
pounds partly oxidize in the surface layer it is use
ful to use a compost or other material as a biofilter
in this type of small landfill, with an area of a few
hectares.
Example 5
Figure 57 shows the surface structures of the
Mankkaa landfill. Greenbuilding plans have been
preparçd for it. They include, for example, tree
plantations. The hydraulic barrier is 50—100 cm
thick clay and moraine and its thickness is suffi
cient. However, the plans do not include landfill
gas removing structures which are important
when tree plantations are on a landfill. Landfill
gas removing structures secure the success of tree
plantations. It is also seen that a 15—20 cm layer
500
3500
mm
son
Fig. 55. Surface structures of the industrial landfill of Ou
tokumpu Polarit Dy. (Outokumpu Dy 1988).
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Fig. 57. Surface structures of the Mankkaa landfill in Es
00 (Espoon kaupunki 1990).
of compost, sand and moraine (5cm) and bark (10
em) are used in the surface material of the land
fill. These materials are shown as different layers.
However, good growth results are attained by
blending these materials. Sand and moraine re
duce the specific electrical conductivity of com
post and they should be mixed well before plant
ing, for example, with agricultural machinery.
The bark prevents weeds when it is spread top
most on the surface layer and in this respect it is
the right amount. The thickness of the surface lay
er is too thin for trees (45 cm) and it should be
about 150 cm.
6 Discussion
6.1 Aspects to be considered in the
closing of landfills
The results of different parts of this study are
combined in this chapter to produce general
points to be considered in the closing of landfills.
The points make the controlled reduction of the
leachate waters of closed landfills possible.
The old landfills have been mostly built without
proper planning for the location, the foundation,
the closing and the surface structure of landfills.
Newer landfills, in general, have foundation plans
according to the requirements when built.
Here, only the design of surface structures is
discussed. If landfills also need, for example, verti
cal tightening structures, then they must be de
signed separately. From the results of the study the
aspects to be considered in the closing of landfills
can be divided into nine phases (Fig. 58).
6.2 Phases of the closing of landfills
Phase 1: Risk assessment of environmental
consequences for a landfill
In the first phase a risk assessment of the environ
mental consequences of the landfill must be done
with the co-operation of environmental authori
ties, owners and other parties. The history of use
of the landfill must be declared in it. The most
important factor to be clarified is the effect of lea
chate waters on the ground- or surface waters. For
example, modelling and eariier research results
on environmental consequences of a landfill can
be used in a risk assessment.
Requirements for the tightness of the surface
structures of the landfill and how much infiltration
into the wastes can be allowed depend on the re
sults of the risk assessment. When the landfill is
situated on the ground- or surface water area, and
the risk assessment suggests that the landfill can
have a harmful effect on them, the hydraulic bar
rier must be an impervious material. The choice of
surface structure type depends greatly on the
enduse of the landfill. Light structures are good for
landfills which do not contain environmental risks
and which are not designed for active enduse. If
the landfill contains environmental risks, and it is
designed for active enduse, then higher quality
structures must be used.
In this phase one must also estimate if the sur
face structures are, in general, sufficient to reduce
environmental consequences of a landfill or is
there a need for further measures, for example,
vertical tightening structures or changing the di
rection of the groundwater flow by pumping. Also,
landfill mining must be considered. In the most se
rious case, one must even consider the removal of
the whole landfill to another place when the
landfill contaminates, for example, the ground
water area.
Phase 2. Stability, settlement, compression and
frost action
In this phase the deformation qualities and stabili
ty of wastes and the foundation must be investi
gated. One must check, among other things, that
the landfill can support, without failure, the extra
weight caused by the surface structures.
If the stability is not good enough, it can be im
proved, for example, by lowering the slope and by
moving wastes to another place.
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In this phase it must also be investigated if the
landfill is compacted enough or are uneven settle
ments a danger to the tightness of the structures.
Settlements can be reduced by extra compaction.
However, in spite of the development of com
paction methods, settlements together with frost
are, in general, the greatest danger to the tightness
of surface structures.
For example, if infiltration caused by settle
ments and cracks are expected to cause a serious
threat for ground- or surface waters, the use of ben
tonite mixes, geomembranes and geosynthetic clay
liners must be considered because they are much
better able to resist these kinds of damage than, for
example, compacted clay.
Large settlements can be minimized by placing
a temporary, relatively permeable cover on the
waste and collecting leachate waters for several
years, treating the landfill as an active bioreactor.
After significant biodegradation of the waste, and
after the waste mass has become relatively stable,
a final, engineered cover can be placed over the
waste. By stabilizing the waste prior to placement
of a final cover, the probability of the cover per
forming as designed is maximized.
The risks of damage caused by frost to the
surface structures have to be taken into considera
tion with proper design. Then, for example, the
maximum frost depth in the location must be clari
fied.
The effect of the temperature of wastes on the
frost depth must, if needed, be measured or calcu
lated, because the new landfill technology aims
e.g. to enlarge, centralize and increase the height
of landfills and to produce more methane. It can be
supposed that the temperatures of landfills are in
future higher which will decrease the frost depth.
For example, temperatures of landfills measured in
USA have been about +40 °C and in UK about
+50 °C. Differences are caused by the different
composition of wastes.
If frost or settlements cause cracks to the hy
draulic barrier, the hydraulic conductivity of the
hydrauhc barrier made of clay can increase very
much. In practice, it can mean, for example, that
the hydrauhc conductivity can increase from the
value io9 m to the value io-7 m Then ac
cording to LCAM, infiltration into the wastes can
increase from about 5 % to about 60 % of annual
precipitation (Fig. 50a). By covering the clay with
a soil layer, which prevents its drying, and by mak
ing a drainage layer, which leads the infiltration
quickly away, it is possible to attain a very low
level of infiltration.
Phase 3: Landfill gas formation
In the third phase, landfill gas formation must be
researched from the point of view of vegetation,
construction and enduse. Portable methane meas
urement instruments can be used in the measure
ments of methane. The utility use of landfill gas
must be researched using wider and separate stud
ies. In planning one must take into consideration
the fact that landfill gas containing methane is ex
plosive. The disadvantages to the vegetation and
the danger of explosion can be prevented by
building gas removing structures or by removing
wastes from under the structures.
Part of the methane and sulphur compounds
oxidize in the surface layer of landfills. For this
reason the use of compost or other material as a
biofilter can be investigated especially on small
landfills, with areas of a few hectares.
Phase 4: Choosing the type of surface structure
In the fourth phase a suitable type of the surface
structure must be chosen for the landfill. The re
quirement for the hydraulic conductivity of the
hydraulic barrier depends on the results of the risk
assessment of the landfill. Enduse effects the
choice of surface structure type. Structure type 1
(Fig. 11 a) is the thickest and multilayered. Land
fills containing environmental risks such as the
possible contamination of groundwaters need this
type of high quality, multilayered, surface struc
ture. Also, when the aim is to take the landfill into
active afteruse, one must consider building these
types of multilayered surface structures (Fig. 11
b, c). Light and simple cover structures (Fig. 11 d,
e) are sufficient for landfills which do not contain
environmental risks and which will not have an
active afteruse.
In this phase the hydrauhc conductivity of the
hydrauhc barrier must also be researched in the
laboratory and insitu. It is the most important fac
tor influencing the quantity of infiltration into the
wastes. Clay or moraine can be used in the hydrau
lic barrier. Their hydrauhc conductivity can be re
duced by adding bentonite. The drying of clay can
be prevented by covering it with a soil layer.
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Phase ii
Risk assessment of environmental
consequences of the landfill. Then, for
example, its effects on ground- and
surface waters are estimated. The
structure of the hydraulic barrier and itshydraulic conduclivily depends on the
assessment results. Costs and available
materials must be taken into
consideration.
Phase 21
Stability and settlement of the foundation
and the, wastes are investigated. Also
frost action must be considered.
Phase 31
Effects o gas formation on vegetation,
construction and enduse are investigated.
Phase 41 .1,
Type of surface structure is chosen on the
basis of the risk assessment and enduse
of landfill.
Phase 51 4,
_______
Phase SI
Vegetation, landscaping and enduse are
planned in detail. If in the above alternative, inifitration
into the wastes is too great, the materials
_______________________________________
and measures must be rethought and
I checked. Then, for exampre, the
Phase 61 hydraulic conductivity of the hydraulicbarrier can be reduced or planting more
vegetation and removing snow from the
Estimation of the effects of snow landfill can be attempted.
removal.
Phase 71
The effects of structure and measu1(the hydraulic conductivity of the
hydraulic barner, vegetation, removal of —
snow and dramage layer) on the quantity
of leachate water are summed.
Phase 81 ‘1,
If the desired quantity of leachate water
is attained the structure and the
measures can be realized.
Fig. 58. Aspects to be considered in the closing of landfills.
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Phase 5: Vegetation, landscaping and enduse
In the fifth phase the vegetation, landscaping and
enduse are planned in detail. Special attention
must be paid to good vegetation and landscaping
because they reduce infiltration with evapotran
spiration and interception, and they help the land
fill to merge with the surrounding environment.
Excess soils brought to the landfill are, in general,
not good enough for vegetation, because they are
often poor in nutrients and they can contain toxic
compounds. The blending of bark and sewage
sludge has attained good results with willow plan
tations. Suitable nutrient contents can be re
searched with nutrient analysis for the planned
vegetation. The rooting zone of the trees must not
be compacted and the vegetation layer must be
put down with light machines. The compaction of
the rooting zone is one of the greatest dangers to
the success of trees on landfills. If needed, the
surface must be prepared with agricultural ma
chines. Evaporation depends on the type of vege
tation and the evaporation and interception from
good willow plantations can be about 30 % of an
nual precipitation. The more active the enduse is
on the landfill, the greater is the benefit obtained
from it. In the choice of enduse, the main princi
ple must be that the landfills near habitation are
best suited for outdoor life and recreational pur
poses, and landfills far from habitation are best
for such activities as motor sport and storage are
as for industry.
Phase 6: Snow removal
The meaning of snow removal in the water bal
ance of landfill must be clarified. Snow removal
can be recommended from the point of reducing
environmental effects of landfills and it should al
ways be done whenever possible. Snow removed
from the surface of a landfill does not infiltrate
when it melts but it flows away as clean water to
the surrounding area. For example, in the calcula
tion period with LCAM between 1973—1981 at
the latitudes of Helsinki, the snow removal re
duced infiltration about 5—10 %. On the latitude
of Kuopio it reduced infiltration by about 10—15
%. In northern Finland it had a greater effect. For
example at the latitude of Sodankyla it reduced
infiltration about 25 % (Fig. 52).
However, it must be noted that the quantity of
the infiltration depends on the water equivalent of
snow and in the calculation period of this research
it was low. Snow removal depends often also on
local circumstances because, for example, landfills
can be situated at high locations and then wind can
blow snow away. It is also possible to take snow
into consideration in the frost protection of the hy
draulic barrier.
Phase 7—8: Snmmarized effects of structures
and measures
In these phases the effects of structures and meas
ures (hydraulic conductivity of the hydraulic bar
rier, vegetation, snow removal and drainage lay
er) are summed to see the quantity of infiltration
to wastes. If the desired level for the quanrity of
infiltration is attained, the structure and the meas
ures can be realized.
Phase 9: Checking
If in the above phases the infiltration to the wastes
is too great, materials and measures must be re
examined and checked. Then, for example, the
hydraulic conductivity of the hydraulic barrier
can be reduced, more vegetation planted and
snow removal employed on the landfill.
Chapter 5.6 shows practical examples of the
use of the design diagrams (Figs 50—54) simulated
by LCAM in the approximation of different factors
in the reduction of infiltration into the wastefill. In
the exact analysis LCAM can be used.
6.3 Reliability of results and
error estimation
In the first phase of the testing of LCAM, the
heights of the water levels in the landfills were
measured. According to the results, the water lev
els in the landfills were far from the surfaces of
the landfills in all seasons. The water levels were,
on average, midway between the top and the bot
tom of the landfills. They were about 7.5—14.0 m
from the surface depending on the total height of
the landfills. At the edges of the landfills, the wa
ter levels were at the level of the surrounding
ditches.
This means, in practice, that after rainfall the
surface layer is at once in a hydraulic state of bal
ance and the fundamental presupposition of
LCAM is right. Among other things this is due to
88 Saarela Monographs of the Boreal Environment Research No. 3
the way of construction of landfills in Finland
where the leachate waters can spread to the sur
rounding ditches. Therefore in landfills there is
free void for infiltration of precipitation.
In the second phase of the testing of LCAM it
was shown that the components of the water
balance model calculated with LCAM had very
minor differences with the components calculated
with the quasi 3-D model. Therefore LCAM is
sufficiently accurate and it is not necessary to use
the complicated quasi 3-D model. Thus, LCAM
is usable in the practical approximation of surface
structures. However, in future it is worthwhile
to monitor the results obtained by LCAM because
in this work it could be tested only in a limited
scale.
In the third phase, amounts of the leachate wa
ters calculated by LCAM were compared to the
measured values in the test landfills. It must be
noted that it was difficult to find landfills to test the
model where leachate waters had been measured
for a long enough time. The landfills were not the
best from the point of view of testing because they
were partly in use. They did not have a proper hy
draulic barrier but they were covered by soil lay
ers. The hydraulic conductivity of the surface soils
was measured from samples in the laboratory and
it was l055_1056 ms1.However, the simulation
was not only done with one value of the hydrauhc
conductivity. It was done with three different val
ues for each landfill based on the measurements in
the laboratory (1063_1051 m -1), to see how sen
sitive LCAM was to the changes of the hydraulic
conductivity.
LCAM functioned rehably apart from some ex
ceptions (Hameenlinna in 1989, Kuopio in 1987
and Eura in 1990). With the average value of the
hydraulic conductivity (l0- m s’) and leaving the
above mentioned exceptions away, the results cal
culated by LCAM varied about 0—20 % from the
measured amount of the leachate waters.
The exceptions and error factors calculated by
LCAIVI were due to the inaccuracies of the data
concerning the surface soils and the long distances
between the landfills and the hydrological stations.
The greatest distance was about 20 km. This
maybe, for example, caused great differences in
the amounts of predicted leachate waters with
summer rainfall.
The method of measurement for the leachate
waters also caused uncertainty in the results. In
Seutula and Kuopio it was done with water gauges,
in Hameenlinna by the number f hours a water
pump was in use and in Eura by measurements
from the discharging pipe. Though the water gauge
measurements were, in general, accurate, the
freezing of the outer surrounding ditch and erosion
failures in the leachate basin dam have caused a
minor uncertainty in the results in Seutula. In
Hameenhnna the accuracy of the pump and the
spring in the landfill area have caused uncertainty
in the results. In Eura the heavy rains have caused
uncertainty in the results.
The measurements of the leachate waters have
not been done under controlled circumstances and
the imprecision of the measurements have caused
uncertainty in the results. Compared to the earlier
research results, the quantities of leachate waters
in this research were higher. Part of the differences
can be explained by earlier research measurements
being done under more controlled and different
circumstances. A more controlled way of testing in
this study would be to measure separately infiltra
tion, surface runoff and surface layer runoff but in
the testing circumstances of this study that was im
possible.
Because LCAM calculated the total quantity of
leachate waters, which included the infiltration,
the surface runoff and subsurface layer runoff, the
errors caused by input data and errors in the meas
urements could not be separated from the errors
caused by the model. The reason for this was
that there was not enough accurate data concerning
hydrology, the amount of the leachate waters and
the hydraulic conductivities of the surface struc
tures.
The sensitivity of LCAM to the changes of the
hydraulic conductivities was seen when one com
pared the amounts of leachate waters calculated
with three different hydraulic conductivities.
When the hydraulic conductivity of the surface
structure was reduced, on average, from 106 m
to io- m 51, the total amount of the leachate wa
ters, which included infiltration, surface runoff and
subsurface layer runoff, was reduced, on average,
by 20—30 %.
After design and building the surface struc
tures, the greatest dangers are the settlements and
cracks caused by frost, and decomposition of or
ganic waste which increase the hydraulic conduc
tivity. Though landfills are compacted very well,
the decomposition of the organic material always
causes displacements and cracks in the surface
structures. None of the models mentioned in Chap-
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ter 3 incorporate the potential failure of cover lin
ers and the resulting leachate generation. As such,
it is likely that the models are most applicable to
the early period after placement. In later stages, the
leakage estimates provided by these models are
expected to underestimate the actual field condi
tion. It is also the case in LCAIVI developed in this
study.
In using LCAM, attention must be paid to the
exactness of the measurements, among other
things, to the hydrological data. The measurements
of precipitation should be done at the landfills be
cause there can be great variations in the amounts
of sununer rain over short distances.
It would be useful to continue the testings of
LCAM under more controlled circumstances
where the infiltration, surface runoff and subsur
face layer runoff can be measured separately be
cause under these test circumstances it was impos
sible.
7 Conclusions and recommendations
The following general conclusions may be drawn
from this study.
— With the model developed and tested in this
study the different factors in the surface struc
tures of landfills can be approximated in Finn
ish conditions. However, in future it is worth
while to monitor the results obtained by the
Landfill Cover Approximation Model (LCAM)
and to continue the testing in different situa
tions because in this work it could be tested
only in a limited scale. The factors which can
be calculated are the thickness and the hydrau
lic conductivity of the hydraulic barrier, the
thickness and the hydraulic conductivity of the
surface layer, vegetation, snow removal and
drainage layer. The testing and the simulation
proved that the model does not need the pF
curve of waste as an input parameter be
cause the hydraulic conductivity of landfill
waste is, according to earlier studies, so
great that the hydraulic conductivity of the hy
draulic barrier is the critical factor in simula
tions.
— The main components which have the greatest
effect on the quantity of infiltration of precipi
tation into the wastefill are the hydraulic con
ductivity of the hydraulic barrier, vegetation,
snow removal and the drainage layer. In ap
proximations, design diagrams presented in
this study can be used and in the exact analysis
LCAM can be used.
— For practical purposes different aspects to be
considered in the closing of landfills are also
presented. On the grounds of the study, this
makes the controlled reduction of leachate wa
ters of closed landfills possible. Designers of
waste management systems can analyse all the
aspects of landfill closure using the modelling
results and principles of greenbuilding present
ed in this study. Closure of landfills does not
need to remain at the minimum level of envi
ronmental protection. By choosing an enduse
suitable for the site and size of landfills, they
can be taken into active use and as part of com
munal landuse.
— The chosen types of surface structures for Finn
ish landfills which were tested in the study and
which were taken into use on the grounds
of this study, can be used in the surface struc
tures of landfills. Their function, analysed by
LCAM, in reducing and controlling infiltration,
depends most on the hydraulic conductivity of
the hydraulic barrier. Its material and hydraulic
conductivity can be chosen according to the
situation and the need. A risk assessment of
the environmental consequences of the land
fill must be first made in the choice of the
type of surface structure and in the require
ments.
— In the design of surface structures it must be
noted that, in practice, differential settlements,
uneven compression of the underlying waste
and frost will almost certainly produce
cracks within the hydraulic barrier and in
crease the hydraulic conductivity. LCAM
does not take into consideration cracks,
which will probably develop in the hydrau
lic barrier with time and increase the hy
draulic conductivity.
— In the planning of the surface structure, a sys
tematic and phased approach should be used,
such as the one presented in this study.
For the further development of landfill technolo
gy and minimizing the environmental conse
quences of landfills in Finland, the following
measures, which have come to light for various
reasons during this study, can be suggested.
— In the future it would be useful to continue the
testing of LCAIVI under more controlled cir
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cumstances where the infiltration, the surface
runoff and subsurface layer runoff can be meas
ured separately, because in these test circum
stances that was impossible.
— When infiltration caused by differential settle
ments, uneven compression of the underlying
waste and frost are expected to cause a serious
threat for ground- or surface waters, the use of
bentonite mixes, geomemhranes and geosyn
thetic clay liners in the hydraulic barrier must
be taken into consideration because they are
much better able to resist these kinds of damage
than, for example, compacted clay. In using
clay, it must be covered and prevented from
drying. Also, the use of a temporary, relatively
permeable cover and the collection of leachate
water and treating the landfill as an active bio
reactor before the construction of the final cov
er, and stabilizing the waste must be taken into
consideration.
— Research on the frost protection of surface
structures of landfills for the Finnish climate
should be done. For example, the effect of the
heat produced by the decomposition of the or
ganic material on the frost depth and the ther
mal insulation of surface structures should be
of special interest.
— The removal of snow from landfills is not a
common practice at the moment in Finland. It
should be taken into consideration as a cheap
way to reduce infiltration into wastes whenever
possible.
— A special code of practice for closing landfills
situated on groundwater areas should be pre
pared.
— Inexpensive methods of stabilization, for ex
ample, when it is possible to improve the quali
ty of poor soils for use in the hydraulic barrier,
should be developed.
— How bentonite mixes endure in the surface
structures of landfills in Finnish conditions
should be researched.
— Research on the geotechical properties of Finn
ish landfill wastes should be done.
— The suitability of geomembranes and geosyn
thetic clay liners in surface structures in the
Finnish climate should be researched.
— The optimum conditions (temperature, mois
ture etc.) for the decomposition of wastes in the
Finnish climate should be researched.
— The suitability of Finnish wastes should be re
searched, especially the pulp and paper indus
try and other typical Finnish industrial wastes,
for use in surface structures of landfills.
— A new type of the surface structure for landfills
is known as a hydraulic barrier-structure (Hude
and Jelinek 1933, Barres and Bonin 1993). The
functioning of this structure should be tested in
the laboratory and modelled in Finnish condi
tions.
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Yhteenveto
Jouko Saarela
Tassä työssä on tutkittu suljettujen kaatopaikkojen
peitemateriaalien imeytymisominaisuuksien hyd
raulista arviointia.
Tutkimus aloitettiin keraamalla runsaasti esi
tietoja kaatopaikkojen kayttaytymisesta ja pinta
rakenteista Suomessa ja ulkomailla sekh tekemalla
mm. valtakunnallinen inventointi aikaisemniin
käytosth poistetuista kaatopaikoista, jotta yleensh
voitiin ryhtyä harkitsemaan ja suunnittelemaan ta
him tutkimukseen liittyvia toimenpiteitim. Tutki
muksen vaiheet on esitetty kuvassa 1.
Tietoja verrattiin ulkomailla tehtyihin kaato
paikkoihin liittyviin tutkimuksiin, havaintoihin ja
kimytantoon. Kerimttyjen tietojen ja inventoinnin pe
rusteella valittiin mm. Suomeen soveltuvat viiden
en tyyppisen kaatopaikan pintarakenteet, joita voi
daan kimyttaa eri tyyppisissim ja kokoisissa kaato
paikoissa.
Laajojen kenttahavaintojen penusteella tutki
muksessa kehitettiin kokonaan uusi, enityisesti
Suomen olosuhteisiin tarkoitettu kaatopaikkojen
pintarakenteiden arviointimalli (LCAM). Mallilla
voidaan arvioida kaatopaikkojen peittamiseen hit
tyvien eri tekijOiden, mm. enistyskenroksen veden
lapimisevyyden ja paksuuden, pintakernoksen ye
denlapaisevyyden ja paksuuden, kasvilhisuuden,
lumenaurauksen j a kuivatuskerroksen vaikutus
kaatopaikan peiterakenteiden limpi imeytyvan sa
dannan mimimrimimn. Mallia kehitettimessa pyrittiin eri
tyisesti siihen, että jimtetimytön pF-kimyraim ja veden
limpimisevyyttim ei tarvitse antaa mallille lahtotie
toina, koska mm. aikaisempien tutkimuksien mu
kaanjatetayton vedenlapaisevyys on nun suuri, et
tim peite- ja eristyskernoksen vedenlimpaisevyys on
laskelmissa kriittinen tekijim. Mallilla saatuja tulok
sia on silti syytim seurata ja testauksia jatkaa tule
vaisuudessa eri olosuhteissa, koska timssim tutlci
muksessa mahlia voitiin testata vain rajoitetussa
mimimrin.
Kaatopaikan peiterakenteiden lapi imeytyvimimn
sadantaan vaikuttavien eri tekijoiden anvioinnis
sa voidaan kimyttimim timssim työssim esitettyjim suunnit
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teludiagrainmeja (kuvat 50—54) ja tarkemmissa ja
yksityiskohtaisemmissa tarkasteluissa kehitettya
kaatopaikkojen pintarakenteiden arviointimallia.
Suomen olosuhteisiin valittujen pintarakenné
tyyppien ominaisuudet analysoitiin kehitetylla
mallilla. Niiden toiminta suotovesien vahentami
sessä riippuu eniten eristyskerroksen vedenla
paisevyydesta. Sen materiaali ja vedenlhpaisevyys
voidaan valita tilanteen ja tarpeen mukaan kaato
paikan ymparistovaikutusten arvioinnin yhteydes
sa, joka tulee tehda jo ensimmaisessa vaiheessa
kun kaatopaikkaa ryhdytaan sulkemaan. Myos
kasvillisuudella, lumenaurauksella ja kuivatus
kerroksella voidaan vahentaa sadannan imeyty
mista jhtteisiin.
Kaatopaikkojen sulkemisen käytannon toteut
tamista varten tutkimuksessa on esitetty myos
kaatopaikkojen sulkemisen vaiheittainen tarkaste
lutapa (kuva 58). Siina tulee selvittaa jo ensim
maisessa vaiheessa mm. se, ovatko pintarakenteet
yleensa riittiivih esthmhhn kaytosta poistettavien
kaatopaikkojen ymparistohaitat vai tarvitaanko
lisaksi esim. pystyeristysrakenteita, suojapump
pauksia pohjavesien virtaussuuntien muuttami
seksi, jatejakeiden erottelua tai jopa kaatopaikan
siirtoa toiseen paikkaan. Vaiheittainen tarkastelu
tapa, johon sisaltyy mm. mallintaminen ja viher
rakentamisen periaatteet, antaa jatehuollon suun
nittelijoille, kunnille ja teollisuudelle mahdolli
suuden hoitaa jarkeviisti ne jatehuollon tehtavat,
jotka liittyvat kaatopaikkojen peittamiseen ja vii
meistelyyn. Tiilloin kaatopaikkojen loppukasitte
lyn ei tarvitse rajoittua pelkhsthan ymphristönsuo
jelun kannalta vhlttamiittomien toimenpiteiden te
kemiseen. Kaatopaikat voidaan saada thten myos
hyotykhyttoon osana kunnan maankayttoa, kun
niille valitaan sijaintiin ja kokoon sopiva jalki
käytto.
List of Symbols
ratio of actual and potential eva
potranspiration
C,, parameter indicating the maximum
value of interception
storage (mm) (0.2. .0.5)
the thickness of the surface layer
(mm)
potential evaporatranspiration cal
culated from meteorological
variables (mm d’)
potential evaporation from canopy
(mm d’)
potential evaporation from bare soil
(mm d’)
actual evaporation from canopy
(mm d’)
E055 actual evaporation from bare soil
(mm d1)
ETS, ETS_j effective temperature sum (dd) for
days i and i—i
‘LF infiltration into landfill (mm d’)
‘slope average slope of the landfill
(m m)
Kb hydraulic conductivity of the hy
draulic barrier layer (m -1)
Kext radiation extinction coefficient
(0.5.0.7)
KCANOPY quality of the canopy (0.. 10)
kM degree—day factor for snowmelt
(mm d’ °C1)
hydraulic conductivity of the sur
face layer (m -1)
LAI leaf area index (m2 m2)
LAI0 leaf area index in optimal condi
tions (m2 . m2)
Lslope average length of the slope (m)
M snowmelt (mm d1)
precipitation (mm d-1)
Revopo relative water content, below which
too dry soils start to limit actual
evaporation (0.6.0.8)
REC evaporation factor for vegetation
(usually 1.0)
RES evaporation factor for bare soil
(0.4.0.6)
R55a subsurface runoff can be formed if
relative water content in the vegeta
tion layer is greater than this value
(0.4. .0.7)
Rw relative water content in the surface
layer (W/Wmax)
Rwstart initial value for relative water con
tent (0.5..0.7)
maximum value for interception
storage (mm)
Sp,_j, Sp value of the depression storage for
days i—i and i.
maximum value for the depression
storage (mm)
QsMb subsurface runoff (mm d’)
surface runoff (mm d’)
TA daily average air temperature (°C)
E01
Eactc
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Tbase base temperature for snowmelt (°C)
porosity (m3 m3)
W water content in the surface layer
(n
Wm maximum value for water content
in the surface layer (mm)
W1_, W water content in the surface layer at
the beginning and at the end of the
day i (mm)
thickness of the hydraulic barrier
(mm)
HL hydraulic height in the bottom of
the hydraulic barrier (mm)
H the hydraulic height in the surface
of the hydraulic barrier (mm)
QD drainage layer runoff (mm d1)
KD hydraulic conductivity of the drain
age layer (m d ‘)
DD thickness of the drainage layer
(mm)
Hcr critical height (m)
AN total settlement (m)
a coefficient which depends on field
conditions
N fill depth (m)
time (d)
e initial void ratio
/3 slope angle
m settlement rate (feet per month)
h soil water potential (m)
K(h) hydraulic conductivity (m d1)
z position of the vertical dimension
(m) (positive downward from the
surface)
C(h) slope of the pF-curve (m’)
5(h) loss tern which takes evaporation
and horizontal surface runoff
(cm3 cm3)into consideration
K hydraulic conductivity of the land
fill for horizontal flow (m d1)
D saturated thickness of the landfill at
time t (m)
H hydraulic head in the landfill at
time t (m)
R net rate of recharge (m d’)
S specific yield of the landfill (m m’)
P net rate of abstraction (e.g. drain
age) (m d’)
O soil moisture (m3 m3)
saturated water content when all
pores are filled with water (m3 m3)
ii soil parameter
q flow velocity (m d’)
K() hydraulic conductivity of the soil
(cm d1) (function of soil matric po
tential)
K5 saturated hydraulic conductivity
(cm d’)
• matric potential (m)
•max matric potential limit (m)
soil parameter
ak soil parameter
[F] stiffness matrix
[H] dependent variable vector
(hydraulic head in the landfill)
[D] capacity matrix
(Q] flux vector representing sources
and sinks
3 normal stress (MPa)
shear stress (MPa)
Abbreviations
Environment Protection Agency
geosynthetic clay liners
high density polyethylene
Hydrologic Evaluation of Landfill
Performance
HSSWDS Hydrologic Simulation of Solid
Waste Disposal Sites
LANCEL Landfill Cellular Liquids Model
LCAM Landfill Cover Approximation
Model
NCASI National Council of Paper Industry
for Aft and Stream Improvement
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1 Pilot investigations of surface parts
of closed landfills and factors to
secure the suitability of landfills
for testing of LCAM
1.1 Background
Landfill research is in many ways a new science
and, as such, it has not yet standardized investiga
tion, methods for different investigations. There
fore, one of the aims of these pilot investigations
was to test the suitability of some standardized
soil investigation methods for the proper testing
of the of LCAM. Landfills can also contain many
kinds of toxic materials. Therefore, some green-
building and environmental investigations were
also done to get a general conception of them in
landfills. They must be considered in the practical
applications of the modelling with LCAM, for ex
ample, in the greenbuilding which is an important
factor in preventing infiltration of precipitation
into wastefill.
1.2 The investigation places and methods
1.2.1 Soil investigations
The aim of the soil investigations was to investi
gate properties and behaviour of surface parts of
the landfills at different seasons for proper testing
investigations of LCAM. Investigations were
made at the Iso-Huopalahti, Mankkaa and Vuo
saari landfills near Helsinki (Table 1, Figs 1, 2, 3,
4). Weight sounding tests, disturbed soil samples,
measurement of groundwater levels and measure
ments of frost depth and moisture were used as
investigation methods.
MANKKAA VUOSAA
=-..HELSINKI
‘:
Weight sounding tests, the taking of disturbed
soil samples and installation of groundwater tubes
were done with a multiple-use drill (A-sondi
304). Weight sounding tests were done according
to Finnish standards described in Suomen Geo
teknillinen Yhdistys ry. (1980). Disturbed soil
samples were taken according to the Finnish
standards described in Suomen Geoteknillinen
Yhdistys ry. (1976). Measurement of the ground
water levels was done according to the Finnish
standards described in Suomen Geoteknillinen
Yhdistys ry. (1975).
Measurement of frost depths was done accord
ing to the Finnish standards described by National
Board of Waters (1984).
Moisture measurements were done with the
Nea-moisture measurement device. The measure
ment method is described by Tattari and Granlund
(1989).
The aim of the weight sounding tests was to in
vestigate the sounding resistance of surface parts
of the landfills. The investigation lines of weight
sounding tests were chosen so that they repre
sented the whole landfill in the best possible way.
Two groundwater tubes, and two frost measure
ment tubes were installed in each landfill. How
ever, on the Iso-Huopalahti landfill it was impossi
ble to install groundwater tubes due to the light
ness of the multiple-use drill and the great diffi
culty in penetrating waste materials, for example,
large amounts of concrete.
Samples were taken with a multiple-use drill
(auger-spits, diameter 65 mm, sampling length
200 mm inner diameter 25 mm). Groundwater tubes
were iron tubes (inner diameter 26 mm, length of
sieve 1—2 m, diameters of holes 3 mm). Frost meas
urement tubes were installed in the plastic protec
tion tubes (diameter 19.3 mm) and they were plas
tic pipes filled with methyl blue liquid. Iron tubes
(diameter 40 mm) served as neutron tube
Nine weight sounding tests were done on the
Iso-Huopalahti landfill at the depth of 0.0—2.5 m
on the investigation line, which was 425 m long.
Totally 26 samples were taken from the depth of
0.5—2.5 m. Frost measurement tubes were installed
at the depth of 4 m. Neutron measurement tubes
were installed at the depth of 2 metres on the top
and on the slope (Fig. 2).
Totally 13 weight soundings were done on the
Mankkaa landfill at the depth of 0.0—3.4 m on the
investigation line, which was 550 m long. Totally
38 samples were taken from the depth of 0.0—2.7 m.
Fig. 1. Landfills where pilot investigations were conducted.
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Groundwater tubes were installed at the depth of
6 m. Neutron tubes were installed at the depth of
2 mon the top and on the slope (Fig. 3).
Eight weight sounding tests were done on the
Vuosaari landfill at the depth of 0.0—3.5 m on the
investigation line, which was 260 m long. Eight
samples were taken from the depth of 0.0—2.2 m.
Groundwater tubes were installed at the depth of
6 m. Frost measurement tubes were installed at the
depth of 2 m on the top and on the slope. Neutron
measurement tubes were installed at the depth of
2 m on the top and on the slope (Fig. 4).
Water content, hydraulic conductivity, and
dry unit weight of the surface samples (depth 0.0—
0.25 m) were investigated from the samples taken
in the weight soundings by the waste and soil labo
ratory of the Technical Research Office of the Wa
ter and Environment Research Institute. Hydraulic
conductivity (constant head test) of the disturbed
soil samples and other geotechnical laboratory
tests of the soil samples were measured and done
according to Finnish standards described by Tie-ja
vesirakennushallitus (1970b).
Table 1. Soil investigations conducted on the lso-Huopalahti, Mankkaa and Vuosaari landfills.
Investigation type
Landfill Investi- Weight Sampling Ground- Frost Moisture
gation sound- water measurement measurement
point ing measure
ment
depth depth number depth number depth number depth number
m m m m m
Iso-Huo
palahti P1 0+50 0.0-1.2 0.0-1.2 3
P1 0+95 0.0-1.0 0.0-1.0 3
P1 1+50 0.0-1.2 0.0-1.2 3
P1 2+00 0.0-1.2 0.0-1.2 4
P1 2+50 0.0-0.5 0.0-0.5 2
P1 3÷00 0.0-1.2 0.0-1.2 2
P1 3+50 0.0-1.0 0.0-1.0 4
P1 3÷90 0.0-2.5 0.0-2.5 3
P14+25 0.0-1.5 0.0-1.5 2
Mankkaa P1 0+00 0.0-2.3 —
P1 0+25 0.0-2.4 0.0.-2.7 9
P1 1+00 0.0-3.4 0.0-1.2 4
P1 1+50 0.0-1.0 0.0-1.6 6
P1 2+00 0.0-1.2 0.0-1.2 4
P1 2+50 0.0-1.6 0.0-1.2 2
P1 3+00 0.0-1.4 0.0-1.0 2
P1 3+50 0.0-1.0 0.0-1.0 3
P1 4+00 0.0-1.0 0.0-0.6 2
P1 4+25 — 0.0-0.5 1
P14+50 0.0-1.0 0.0-0.9 3
P1 5+00 0.0-1.0 0.0-0.5 1
P1 5+50 0.0-1.0 0.0-0.3 1
Vuosaari P1 0+50 0.0-3.3 0.1-0.6 2
P1 0+85 0.0-3.5 0.0-0.5 2
P1 1+10 0.0-0.9 0.0-1.0 3
P1 1+60 0.0-0.9 0.1-1.1 4
P1 1+85 0.0-0.8 — -
P1 2+10 0.0-3.6 0.0-1.0 3
P1 2+35 0.0-4.0 — -
P1 2+60 0.0-2.4 0.0-2.2 4
4 1 2 1
4 1 2 1
6 1 4 1 2 1
6 1 4 1 2 1
6 1 4 1 2 1
6 1 4 1 2 1
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Fig. 2. Field investigations at the Iso-Huopalahti landfill, Investigation lines (a) and height profile and weight sounding
tests on the investigation line (b). Difficult to penetrate wastes, for example, pieces of Concrete and other hard material
made weight sounding tests difficult in almost all investigation points.
=Weight sounding test
=Soil sample
T1- T2 Frost measurement
N1- N2 =Moisture measurement
R1- R1 =Nutrient analysis
Ri- R6 =PAHs and chlorinated phenols analysis
R1- R6 Radon measurement
Pi- P€ =Temperature measurement
P1- P6 =Methane and oxygen measurement
B1- B3 =Boric analysis
(b)
0..
(a)
4.
0..
> also hydrogen sulphide
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Weight sounding test
© = Soil sample
= Groundwater level measurement
T1
—T2 = Frost measurement
N1—N2 = Moisture measurement
R1 -R5 Nutrient analysis
R1-R5= PAHs and chlorinated phenols analysis
R,..R5 = Radon measurement
P1
- Pg = Temperature measurement
P1 -P11 = Methane and oxygen measurement
= 8oric analysis
also hydrogen sulphide
Fig. 3. Field investigations done at the Mankkaa landfill. Investigation lines (a) and height profile and weight sounding tests
on the investigation line (b). Pieces of concrete made weight sounding tests difficult in almost all investigation points.
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Frost measurement
Moisture measurement
Nutrient analysis
PAHs and chlorinated phenols
Radon measurement
Temperature measurement
Methane and oxygen measurement,
Boric analysis
Fig. 4. Field investigations at the Vuosaari landfill. Investigation lines (a) and height profile and weight sounding tests on
the investigation line (b). Pieces of concrete made weight sounding tests difficult in almost all investigation points.
PLO+85 PLI÷1O
= Weight sounding test
© = Soil sample
= Groundwater level
also hydrogen suiphide
0 50 100
-I
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1.2.2 Greenbuilding and environmental
investigations
In greenbuilding investigations, the nutrient con
tent of surface soils was investigated by taking
samples from the surface parts of the landfills and
analysing their nutrient content. The meaning of
the environmental investigations was to clarify
whether there was anything alarming in the land
scaping and enduse of landfills.
The investigations were done at the Iso
Huopalahti, Mankkaa and Vuosaari landfills.
Specific electrical conductivity, pH, nitrate ni
trogen, phosphorus, potassium, calcium, magne
sium and boric content of samples were analysed
in the nutrient analysis. There were 11 samples
from Iso-Huopalahti and 5 from the Manlckaa and
5 from Vuosaari landfills. For boric analysis, 3
samples were taken from each landfill.
The nutrients were analysed according to the
Finnish standards for nutrient analysis of soil sam
ples for greenbuilding described by Kahari et al.
(1987).
Radon was analysed, because it is a common
problem in southern Finland and therefore pilot in
vestigations concerning radon were also done.
High radon contents are toxic for man. High radon
contents of landfills prevent enduse for any recrea
tional purpose. Measurements were made from
composite samples according to methods de
scribed by Markkanen and Arvela (1992).
Chlorinated phenols and polyaromatic com
pounds are environmental poisons, which can in
many ways hinder the enduse of landfills. They
can be a problem if, for example, a landfill is taken
into active enduse and surface soils contain these
environmental poisons. Then the contaminated
soils must first be removed. They were measured
from composite samples according to the method
described by Keith (1981).
On all landfills, oxygen, methane and hydrogen
sulphide measurements were made with a portable
Crowcon triple 84TR measurement device. Tem
perature measurements in the surface parts of
landfills were also done with a thermometer probe.
2 Results of the pilot investigation
2.1 Weight sounding tests, water level
measurements and soil investigations
According to the results, resistance of weight
sounding tests varied considerably on all land
fills. At different points they could be classified
from loose to tight (Tie- ja vesirakennushallitus
1970a). Difficulty to penetrate wastes, for exam
ple, pieces of concrete, made weight sounding
tests difficult at almost all investigation points.
Therefore light multiple-use drills were not suita
ble for landfill investigations. Characteristics of
surface soils determined from the samples were
the following: hydraulic conductivity of surface
samples (0-25 cm) at Iso-Huopalalìti, Mankkaa
and Vuosaari landfills varied 10-6M_9l m
water content 15.3—86.9 %, and dry unit weight
8.6—16.5 kN m3 (Table 2).
Weight sounding tests, frost, water content
and groundwater measurements on the slopes of
the investigation landfills are shown in Figs 5, 6
and 7.
On the Manlckaa and Vuosaari landfills the wa
ter levels were measured in 1991 from two investi
gation points once a month on both landfills. On
the Mankkaa landfill on April 3rd 1991 the water
level was highest and it was 110 cm from the sur
face of the slope (Fig. 6). In other measurements it
was 117—247 cm from the surface of the slope.
Only one measurement was obtained on Vuosaari
on 3.4.1991 and the water level was 245 cm from
the surface of the slope.
Fig. 5. Weight sounding tests, frost and moisture meas
urements on the slope of the lso.Huopalahti landfill. It
was impossible to install groundwater tubes due to the
lightness of the multiple-use drill and the difficult to pene
trate waste materials, for example, large pieces of con
crete and other hard material.
PL 3+50Pt 3+05
1F,osfmaasu
1 0020 £000
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110 Saarela Monographs of the Boreal Environment Research No. 3
Fig 6. Weight sounding tests, frost, moisture snd ground
water measurements on the slope of the Msnkkaa landfill.
Groundwater level could be measured only from the lower
investigation point.
Fig. 7. Weight sounding tests, frost, moisture and
groundwater measurements on the slope of the Vuosaari
landfill. The groundwater level could be measured only
trom the lower investigation point.
Table 2. The results of the laboratory investigations of the
soil samples in the pilot investigations.
Landfilt Depth of Hydrautic Water Dry unit
ssmpte conductivity content weight
rn m % kN m3
Iso-Huopalahti 0-0.25 lO 15.3— 8.6—
10 55.3 16.5
Mankkaa 0-0.27 1066 9.0— 9.7—
109l 86.9 16.4
Vuosaari 0-0.22 1072 13.9— 11.5—
108 25.8 15.5
2.2 Frost measurements
The frost depths were measured in the winters of
1991—1992 on the tops and on the slopes of the
Iso-Huopalahti, Mankkaa and Vuosaari landfills.
It was found that the greatest frost depth was on
the slope of the Vuosaari landfill and it was 90
cm. On the Mankkaa landfill the greatest frost
depth was 64 cm (top) and in Iso-Huopalahti it
was 52 cm (top). Most of the measurement
points had no snow as the wind had blown it
away (Fig. 8).
Soveri and Varjo (1977) investigated and re
ported maximum frost depths in the period 1955-
1975 on snow-free till areas. In the coastal area of
southern Finland the frost depth was 120cm and the
freezing index was between 10 000—15 000 h °C.
During this investigation, the freezing index in
the winters of 1991—1992 was about 9 000 h °C.
From the results it could be deduced that the re
sults of this investigation are much the same as the
results of Ettala (1986). According to his investiga
tions, the frost depth at landfills was, on average,
less than in natural areas. This is due evidently to
the decomposition of organic material, which pro
duces heat.
It must be noted that the frost depth can vary in
different landfills due to the age of the landfill,
type of waste etc., which have effects on the tem
perature of the waste. The effect of the temperature
of wastes on the frost depth must, if needed, be
measured or calculated, because the new landfill
technology alms e.g. to enlarge, centralize and in
crease the height of landfills. It can be supposed
that the temperatures of landfills are in future
higher which will decrease the frost depth.
2.3 Moisture measurements
Moisture content investigations as a function of
the impulses of the neutron tube were made on the
Iso-Huopalahti, Mankkaa and Vuosaari landfills
between 4.1.1991—20.11.1991. Two tubes, one on
the top and other on the slope, were installed for
neutrontube measurements on each landfills.
Moisture content profiles were measured to the
depth of two metres. The measurements were
made every 10 cm to the depth of one metre and
thereafter every 20 cm. The surface measurement
at a depth of 10 cm was unsure because in summer,
part of the neutrons are expelled to the atmosphere
and in the winter the snow causes errors. Results
were presented as the number of impulses, the
higher the number of impulses the more moisture
the surface layer contained. Water content was not
given as a moisture percentage or in millimetres
because wastes could contain materials which
could absorb neutrons and cause errors in the cali
in]
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Fig. 8-The frost depth in the lso-Huopalahti, Msnkkss snd Vuossari landfills in the winters ot 1991—1 992. It was found
that the greatest frost depth was on the slope of the Vuossari landfill and it was 90 cm.
bration. Impulses however, described relative vari
ations of moisture in relation to time, because it is
supposed that during the research period the sub
stance is the same. The time of the measurement at
each depth was 30 s.
At the top of landfills, the greatest changes in
moisture were in the surface layer of depth 50 cm.
In the measurement profiles, the stratified struc
ture of the surface layer and wastes was seen
clearly. Layer structures were different on each
landfill which demonstrates their individual struc
ture. The greatest changes in moisture content
were observed in the surface layer in March and
April, and the smallest in July-August. These
changes were caused by the infiltration of melting
snow in the spring, and the increase of
evapotranspiration in the summer. Measurement
changes deeper in the landfills were, in general,
small (Fig. 9).
the surface layer 50 cm deep. Stratified layer struc
tures were also seen clearly in these profiles. Also
at these points were the greatest and smallest mois
ture contents, in the spring and at the end of sum
mer respectively. The high water level on the slope
of the Mankkaa landfill was clearly seen in the
measurement results (Figs 6, 9 d).
2.4 Nutrient analysis
The nutrient content of surface soils was investi
gated in the laboratory from soil samples from the
Iso-Huopalahti, Mankkaa and Vuosaari landfills.
Specific electrical conductivity, acidity, nitrate
nitrogen, phosphorus, potassium, calcium and
magnesium and boric were analysed.
Results of the analyses are shown in Tables 3, 5,
6. Results of the analyses were compared to the
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Fig. 9. Moisture measurements as a function of the impulses of the neutron tube measurements at the lso-Huopalahti
landfill (a,b) at the Mankkaa landfill (cd) and at the Vuosaari landfill (e,f). The greatest changes in the moisture were on
the 50 cm deep surface layer. In the measurement profiles the stratified structure of the surface layer and wastes was
seen cleary. The measurement device was not calibrated to wastes and it gave only relative values of moisture. For
comparison with estimates for sandy soil, 1 400 impulses in 30 seconds is a water content of about 36 % and 1 000
impulses in 30 seconds is a water content of about 22 %.
(a)
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400 800 1200 1600
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400 800 1200
800 1200
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Table 3. Results of nutrient analysis of the lso-Huopalahti landfill (Viljavuuspalvelu Oy).
Investiga- Specific pH Nutrient content mg N
tion point electrical
conductivity
jiS cm’ (NO-N) P K Ca Mg
1 220 5.1 7.2 46.0 130 1 850 225
2 110 6.3 19.0 28.0 240 2650 200
3 50 5.7 2.8 2.5 105 600 100
4 60 6.1 5.8 1.9 95 72 60
5 310 5.7 18.0 70.0 580 2 600 350
6 130 5.8 34.0 20.0 390 1 175 90
7 30 5.6 5.0 1.0 25 200 10
8 870 6.3 38.0 24.0 170 3 950 445
9 140 6.7 30.0 29.0 190 3 750 300
10 560 6.4 24.0 28.0 265 3 700 520
11 190 7.1 2.8 540.0 140 4000 425
Table 4. Recommended nutrient additions for grass and bush planting for the lso-Huopalahti landfill (Viljavuuspalvelu Oy).
Recommended nutrient additions
Investiga- Limed Mineral Dolomite Garden Garden Potassium
tion point and soil lime Y-ferti- sulphate
fertil- izer
ized peat
m3 100 rn-2 m3 100 m2 kg 100 rn2 kg 100 rn-2 kg 100 rn-2 kg 100 rn-2
1 6 70 5 2
2 3 5
3 5 30 5 5
4 5 20 5 5
5 30
6 3 30 3 1
7 5 30 5 6
8
9 3 4 3
10 5
11 2
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Table 5. Results of nutrient analysis of the Mankkaa landfill (Viljavuuspalvelu Oy).
Investiga- Specific pH Nutrient content mg 1’
tion point electrical
conductivity
jiS cm’ (NO-N) P K Ca Mg
1 80 6.3 2.1 6.8 120 1 300 300
2 120 6.4 4.2 75.0 140 1 700 140
3 180 6.0 1.5 22.0 95 1 600 145
4 260 5.9 1.4 140 85 1400 255
5 70 5.6 1.3 5.8 120 1 100 200
Table 6. Results of nutrient analysis of the Vuosaari landfill (Viljavuuspalvelu Oy).
Investigation Specific pH Nutrient content mg 1’
point electrical
conductivity
us cm-’ (NO—N) P K Ca Mg
1 140 6.3 4.2 2.2 200 1 700 280
2 160 6.8 3.5 11.0 175 2300 225
3 100 7.3 4.4 1.5 220 700 590
4 70 6.5 2.0 2.1 240 1 900 325
5 120 7.3 6.0 9.0 180 3 000 195
Table 7. Result of boric analysis of surface samples (Viljavuuspalvelu Oy).
Landfill Sample pH Boric Content of boric
lAg 1’
Mankkaa 1 5.0 100 poor
“ 2 5.9 400 rather poor
“ 3 6.3 2 100 precariously high
Iso-Huopalahti 4 6.8 1 900 high
“ 5 6.1 300 poor
“ 6 5.6 700 rather good
Vuosaari 7 5.9 1 000 good
“ 8 7.7 1 400 good
“ 9 5.9 300 poor
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clearly seen that almost all samples needed several
different nutrient additions to support vegetation.
Recommendations for nutrient additions for the
landfill of Iso-Huopalahti are shown in Table 4. It
can be seell, for example, that samples from the Iso
Huopalahti landfill need limed and fertilized peat,
mineral soil and dolomite. Detailed descriptions of
the samples are presented in Chapter 2.6.
Results of boric analysis are shown in Table 7.
They varied between 100 to 1 900 ig l’ and the
variation of contents was from low to precariously
high.
li summary, it is very important to do nutrient
analysis in the vegetation and landscaping of
landfills because soils used on the landfills are, in
general, poor in nutrients and need nutrient addi
tions.
2.5 Additional pilot investigations
2.5.1 Radon emanation
Radon emanation was measured from composite
samples from all three landfills. Results of the
measurements are shown in Table 8. By compar
ing the results of the measurements to typical ra
don emanation in loose soils in southern Finland
(Table 9), it was seen that radon emanation was
on the same level and there was nothing alarming
concerning radon on the landfills in question.
2.5.2 Analysis of chlorinated phenols
Chlorinated phenols were analysed from the com
posite samples. Results of the analysis are shown
in Table 10. By comparing the results to the val
ues used in the estimation of soil contamination
(Ymparistoministerio 1994), it was seen that the
values were low and chlorinated phenols were not
a risk for the enduse of the landfills in question
(Table 11).
2.5.3 Analysis of polyaromatic
compounds
Polyaromatic compounds were analysed from the
composite samples. Results of the analysis are
Table 8. Results of measurements of radon emanation. Natural radionuclides (Säteilyturvakeskus).
Landfill 226Ra 232Th 40K Em Radon emanation
Bq kg’ Bq kg-’ Bq kg-’ % mBq h-’ kg’
Iso-Huopalahti 38 (6) 35 (7) 490 (5) 8 (26)* 23 (27)7*
Mankkaa 30 (6) 37 (6) 670 (5) 26 (6)” 59 (9)”
Vuosaari 47 (6) 46 (6) 820 (5) 15 (13) 53 (14)”
() percentage errors
‘ room dry sample
“ moisture content 5 % (weight)
Table 9. Typical values of radon emanations in loose soils in southern Finland (Sateilyturvakeskus).
Natural radionuclides Typical value in loose soils
in southern Finland
226Ra 30—80 Bq kg-’
232Th 30—80 Bq kg-’
‘°K 700—1 500 Bq kg-’
radon emanation dry, sample 20—100 mBq h’ kg-’
moisture content 5 % (weight) 40—200 mBq h’ kg’
116 Saarela Monographs of the Boreal Environment Research No. 3
Table 10. Results of the analysis of chlorinated phenols (Ymparistontutkimuskeskus).
Lsndfitt 2, 4, 6- 2, 4, 5 pents- dry content
trichtorophenol trichiorophenol chtorophenol of ssmpte
pg kg’ pg kg-’ pg kg’ To
Iso-Huopalahti 0.1 1.0 2.6 60.69
Mankkaa 0.6 — — 43.57
Vuosaari — — 0.9 82.66
analysed chlorinated phenols
1. 2.6-dichlorophenol 8. 4,5,6-trichloroquaiacol
2. 2,4/2,5-dichiorophenol 9. Pentachlorophenol
10. 3,4,5-triehlorocatanol
3. 2,4,6-trichlorophenol 11. Tetraehloroquaiacol
4. 2,4,5-trichlorophenol 12. 3,4,5-trichloro-2,6-
5. 4,5-dichloroquaiacol dimethoxyohenol
6. 2,3,4,6-tetrachlorophenol 13. Tetrachlorocatechol
7. 3,4,5-trichloroquaiacol
Values are for dry samples
Table 11. Limit values of chlorinated phenols (Ym
pSristOministeriO 1994).
Chlorinated Typical value Value for
phenols in soil soil to be
classified as
contaminated
igkg’ jigkg’
2,4,6-
trichlorophenol 2 000 10 000
2,4,5
trichlorophenol 2 000 25 000
penta
chlorophenol 400 4 000
shown in Table 12. By comparing the results to
the values used in the estimation of the contami
nation of soil (Ymparistoministerio 1994), it was
seen that the values were low and polyaromatic
compounds were not a risk for the enduse of the
landfills in question (Table 13).
2.5.4 Methane, hydrogen suiphide and
oxygen measurements
Methane, hydrogen sulphide and oxygen were
measured from several points of the landfills (Ta-
bles 14, 15, 16). There were no gas removing sys
tems in the investigation landfills. The smell of
methane was observed in some parts of all land
fills and it caused nausea in researchers. Methane
is explosive at an atmospheric concentration of 5-
15 %. The methane, oxygen, and hydrogen sul
phide contents of the surface layers of the land
fills were measured at several points. The meth
ane content, at many points, was in the limits of
explosive danger (5-15%) and oxygen content be
tween 10-20 % of the volume. According to Duel
et al. (1986) methane discharging sites cannot be
landscaped without methane removing systems.
Also Neumann (1979) has stated that vegetation
will not succeed properly if the level of oxygen in
the soil is lower than 12-14%. Hydrogen sulphide
was detected in only one point on the Iso
Huopalahti landfill. In this research, scientific
vegetation observations were not made. However,
it was clearly seen that there was no vegetation in
several places where methane erupted to the sur
face.
Temperature measurements were also made
from several points on the landfills. The purpose of
temperature measurement was to measure tempera
tures where methane erupted to the surface. In par
ticular, high temperatures (max +46°C) were meas
ured at such points on the Iso-Huopalahti landfill.
According to Neumann (1979), if the tempera
ture on the landfill is over +25°C it is not wise to
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Table 12. Results of analysis of polyaromatic compounds (Ympäristontutkimuskeskus).
PAH-compounds:
Pluoranthene
Pyrene
Chrysene
Benzo(k)fluoranthene
Bonzo(a)pyrene
Benzo(ghi)perylene
Limit of measurement
0.5 pg kg’
5 pgkg
2 pgkg’
0.1 pg kg1
0.1 pg kg1
5 pgkg’
Values are for dry samples
2.6 Additional results of the pilot
investigations
2.6.1 Detailed description of soil samples
in the nutrient analysis
lso-Huopalahti landfill:
Sample 1 was a mixture of mineral soil and bark
ing waste. It is too light as such, so a silt moraine
type of soil should be added to it. The pH-value
was low, the calcium and potassium levels were
quite low, the phosphorus and magnesium levels
were good.
Sample 2 was a rather coarse-grained soil which
requires extra peat to improve the water and nutri
ent retaining capacity.
The pH-value and the studied nutrient level
were fairly good.
0 Sample 3 was a good type of soil but due to its
poor humus content it requires extra peat. The pH-
value was low, the phosphorus level was very low
and the other studied nutrients were low.
Sample 4 was a good type of soil, but due to its
poor humus content, it requires extra peat. The pH-
value was fairly good, the studied nutrients were
very low.
Land- Fluo- Pyre- Chry- Benzo(b)- Benzo(k)- Benzo(a) Benzo Dry Total
fill ran- ne sene fluoran- fluoran- pyrene (ghi)- con- PAH
thene thene thene pery- tent of
lene sample
pg kg1 pg kg1 pgkg’ pgkg’ pg kg1 pgkg1 pg kg1 % pgkg’
Mank- 31 - 141 92 11 68 17 43.57 360
kaa
Vuosaari 53 45 90 20 7 40 14 82.66 269
Iso-Huo- 200 43 232 71 20 130 31 60.69 727
palahti
Table 13. Limiting values of polyaromatic compounds
(Ymparistöministerio 1994).
Polyaromatic Typical value Limiting value
compound in soil in soil to be
classified as
contaminated
pg kg’ pg kg’
Fluoranthene 1,000 40,000
Pyrene 4,000 40,000
Chrysene 2,000 40,000
Benzo(k)-fluoranthene 2,000 40,000
Benzo(a)-pyrene 2,000 40,000
Benzo(ghi)-perylene 2,000 40,000
Total
PAH 20 000 200 000
0
landscape it. Also, high methane contents disturb
the vegetation. High temperatures in the landfill
cause, according to Vainio (1984), extra eva
potranspiration, and the concentration of salts and
nutrients in the surface which causes drying of
vegetation.
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Table 14. Results of methane, oxygen, and hydrogen sulphide measurements at the lso-Huopalahti landfill, in summer
1990.
Investi- Oxygen Methane Hydrogen Depth Obs.
gation suiphide of mea
point surement
% % ppm cm
1 1 5—15 - 10—40 no vegetation
2 <5 - 10—40 good vegetation
3 11 5—15 33 10—40 poor vegetation
4 12 5—15 - 10—40 poor vegetation
5 19 <5 - 10—40 good vegetation
6 16 <5 - 10—40 good pine
plantings
Table 15. Results of methane, oxygen, and hydrogen sulphide measurements at the Mankkaa landfill in summer 1990.
Investi— Oxygen Methane Hydrogen Depth Obs.
gation suiphide of mea
point surement
% % ppm cm
1 23 <5 - 20 planted deciduous trees
2 20 5—15 - 20 no vegetation
3 3 5—15 - 20 no vegetation
4 20 5—15 - 20 no vegetation
5 21 5-15 - 20 airfield for models,
thin grass
6 20 <5 - 20 planted desiduous trees
7 19 5—15 - 20
8 21 <5 - 30 pines
9 19 5—15 - 40
10 15 5—15 - 30 mainly weed
11 19 5—15 - 30 mainly weeds and
small pine plants
Sample 5 was a good type of soil with a good
humus content. The pH-value was rather low, the
potassium level was high and the other studied nu
trients were good.
Sample 6 was a good type of soil, but the hu
mus content was not quite sufficient.
Sample 7 was a rather fine-grained soil, and es
pecially for lawns, extra peat is necessary, coarser
mineral soil could also be added to the lawn. The
soil was acid and the entire nutrient sample was
poor.
In sample 8 the specific electrical conductivity
was high in comparison to the studied nutrients.
This type of soil is recommended to be used only in
soil mixtures where the other soil’s specific electri
cal conductivity is low. On the basis of this study
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Table 16. Results of methane, oxygen and hydrogen suiphide measurements at the Vuosasri landfill in summer 1990.
Investi— Oxygen Methane Hydrogen Depth Obs.
gation suiphide of mea
point surement
% % ppm cm
1 14 5—15 - 25 smell of methane, no
vegetation, gravel
2 19 <5 - 20 good vegetation
3 16 5—15 - 30 no vegetation,
gravel
4 17 <5 - 25 good vegetation
5 8 5—15 - 30 no vegetation, gravel
6 19 <5 - 25 humus, soil
7 17 5—15 - 35
8 17 5—15 - 20 no vegetation
its proportion could be at the most 1/3. Liming and
fertilization depends on the nutrient content of
other soil mixtures.
Sample 9 was a rather coarse-grained type of
soil and requires extra peat to improve the water
and nutrient retaining capacity.
The pH-value, calcium and magnesium levels
were good, the potassium and phosphorus levels
were fairly good.
Sample 10 was a good type of soil with a good
humus content. The specific electrical conductiv
ity was rather high wan comparison with the stud
ied nutrient content, the phosphorus level was
rather low, the other studied nutrients were good.
Sample 11 was a good type of soil with a good
humus content. The pH-value, the calcium and the
phosphorus levels were high, the magnesium level
was good and the potassium level was rather low.
Mankkaa landfill
Sample 1 was sandy clay with humus. As a green-
building material this type of soil requires extra
soil improvement agents, peat and sand. The pH-
value was good, so was the magnesium level, the
calcium and potassium levels were low and the
phosphorus level was low.
Sample 2 could be classified as mud. It could
type of soil was not suitable solely as a substrate in
ecological greenbuilding, rather it requires a sand
moraine type of mineral soil. The pH-value, cal
cium, phosphorus and magnesium levels were
fairly low and the potassium level was low.
Sample 3 was humus soil and too light for
greenbuilding. It should be increased in mineral
soil content. Calcium, pH, phosphorus and magne
sium are good and potassium was low.
Sample 4 was a humus type of soil and as such,
slightly too light. It requires extra sand moraine
type of mineral soil. The pH-value, calcium and
phosphorus levels were fairly low, the magnesium
level was good and the potassium level was low.
Sample 5 was a sandy clay type of soil and has
a humus content. In greenbuilding, this type of soil
requires extra soil improvement agents, peat and
sand. The pH-value, calcium and phosphorus lev
els were low, the potassium level was fairly low
and the magnesium level was good.
Vuosaari landfill
Sample 1 was a sandy clay type of soil. In particu
lar, as the substrate for grass, the clay becomes
airtight. In order to improve the composition of
the soil it was necessary to add at least the recom
also be of very decomposed barking waste. This mended quantities of extra peat and sand. The
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pH-value and calcium level were rather low, the
potassium and magnesium levels were good and
the phosphorus level was extremely low.
Sample 2 was a sandy clay type of soil. In par
ticular, as the substrate for grass, the clay becomes
airtight. In order to improve the composition of the
soil it was necessary to add at least the recom
mended quantities of extra peat and sand. The pH-
value, the calcium and magnesium levels were
good, the potassium and the phosphorus levels
were fairly low.
Sample 3 was a silty clay type of soil. In order
to improve the composition it was necessary to add
at least the recommended quantities of extra peat
and sand. The pH-value was too high, the calcium,
potassium and magnesium levels were good and
the phosphorus level was extremely lOw.
Sample 4 was a sandy clay type of soil. In par
ticular, as the substrate for grass the clay becomes
airtight. In order to improve the composition it is
necessary to add at least the recommended quanti
ties of extra peat and sand. The pH-value, the cal
cium, potassium and magnesium levels were good
and the phosphorus level was extremely low.
Sample 5 was a sandy clay type of soil. In par
ticular, as the substrate for grass, the clay becomes
airtight. In order to improve the composition it was
necessary to add at least the recommended quanti
ties of extra peat and sand. The pH-value was high,
the calcium level was good, the magnesium level
was adequate and the potassium and phosphorus
levels were fairly low.
3 Summary of pilot investigations
and their use in the testing of
LCAM and in its practical applications
The following describes the use of pilot investiga
tions in the proper testing of LCAM and in practi
cal applications of modelling.
— Measured hydraulic conductivities gave back
ground information of the values of hydraulic
conductivity of surface structures for model
ling. They were used as preliminary limit val
ues of the hydraulic conductivity of the surface
structures in the development of the LCAM.
— Light multiple-use drills were not suitable for
landfill investigations. This was due to the fact
that landfills, in general, contain waste materi
als that are difficult to penetrate, for example,
pieces of concrete, which make weight sound
ing tests difficult. Therefore, in the testings of
LCAM, heavy multiple-use drills were used.
— From the water levels it was seen that the water
table can change greatly in different parts of
landfills and it can be far from the surface of
the landfills. This was considered in planning
the measurements of water levels in the testings
of LCAM.
— Frost depths gave background information for
the modelling about the thickness of surface
soil layers on top of the hydraulic barrier.
— From the moisture measurements it was seen
that the greatest changes of moisture on the
landfills were in the 50 cm thick surface layer.
It was used as background information in
choosing the layer thicknesses in the simulation
calculations by LCAM.
— From nutrient analysis it was seen that surface
soils on landfills can be poor in nutrients and
they need nutrient additions. It was taken into
consideration in the practical applications of
modelling because good vegetation has great
importance in reducing the infiltration.
— Radon emanation was on the same level as typ
ical radon emanation in loose soils in southern
Finland. Values of chlorinated phenols and po
lyàromatic compounds were also low. They
were taken into consideration in practical appli
cations of modelling.
— The smell of landfill gas was observed in some
parts of all investigation landfills. It, for exam
ple, caused nausea in researchers. Landfill gas
can also be harmful for vegetation and afteruse,
if methane removing structures are not installed.
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1 Introduction
According to the national landfill register there
were 644 open landfills in Finland in 1994 of
which 446 were used primarily for municipal sol
id waste disposal (Table 1). According to the reg
ister 1162 landfills had been closed. Due to inad
equate registration, the total number of the closed
landfills is probably higher than reported.
Table 1. Number of landfills in Finland in 1994.
Type of landfill Open Closed Planned Status nos Total
known
Municipal
solid waste 446 940 3 2 1 391
Hazardous
waste 11 18 - - 29
Industrial
waste 14 5 - - 19
Inert waste 79 48 - - 127
Landfill
for special
waste fraction 89 113 - 1 203
Not known 5 38 - 5 48
Total 644 1162 3 8 1817
The number of open landfills in Finland is high
compared, for example, to Sweden where in 1993
there were about 300 landfills (Table 2). The
Finnish Ministry of the Environment has set a tar
get to cut the number of landfills to 200—250 by
the year 2000. The aim is to encourage conimuni
ties to cooperate in waste management and to set
up common landfills. Therefore, for example, the
size of landfills will grow in future.
It is seen that almost 500 landfills will be closed
in Finland by the end of this century. Therefore,
the National Board of Waters and the Environment
(from March 1st, 1995 the Finnish Environment
Institute) initiated a research project concerning
closure of landfills in 1990. In this survey, which
was a part of the project, a national survey of
landfills, which had been closed during the last 20
years, was carried out.
The survey examined larger landfills storing
household and industrial wastes chosen randomly.
The aim of the survey was to investigate how
closed landfills were covered and to make recom
mendations for measures to improve the practice
of landfill coverage for Finnish conditions. The
survey was done in 1990.
The following matters were clarified in the sur
vey: name of landfill, foundation and closing year,
locality, quality of waste, height, area, slope, fail
ures, material of cover strnctures control of
leachate waters, environmental consequences of
leachate waters, landscaping and afternse.
Table 2. Number of open municipal solid waste landfills in
some Baltic Sea countries (Kettunen 1995).
Country No. of landfills Reference
Sweden c. 300 NaturvArdsverket (1993)
Germany c. 300 Mennerich (1994)
Lithuania 326 Kunevicius (1994)
Poland c. 700 Kowalik (1994)
2 Survey results
2.1 General
Table 4 shows the number of landfills and names
of the landfills in the survey classified according
to the regional environment centres. Figs 2—12
show the results of the survey as percentage dis
tributions. The results were based on field investi
gations and interviews concerning closure, cover
age, technical data for the coverage of landfills,
leachate waters and their environmental conse
quences. They are based on the research materials
of the Finnish Environment Institute, consultants,
municipalities, cities and water protection associ
ations. Fig. 1 shows the landfills surveyed in this
study classified according to the regional environ
ment centres.
2.2 Number of landfills
The number of landfills varied in the regional en
vironment centres from 4 to 30 landfills. The var
iations were, for example, due to population size,
industry and general practice concerning waste
management (Table 3).
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Finland
Fig. 1. The landfills surveyed in this study classified according to the regional environment centres. The numbers refer to
Tables 3 and 4.
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Table 3. Number of landfills classified according to the
regional environment centres.
Regional environment Number of Numbers of
centre landfills landfills
in Tab. 4
and in Fig.l
Uusimaa (UYK) 11 1— 11
Southwest Finland (LOS) 9 12— 20
Häme (HAM) 9 21— 29
Southeast Finland (KAS) 30 30— 59
South Savo (ESA) 22 60— 81
North Savo (PSA) 6 82— 87
North Karelia (P1(A) 19 88—106
West Finland (LSU) 13 107—119
Central Finland (KSU) 4 120—123
Central (KPO) 11 124—134
Ostrobothnia
North (PPO) 10 135—144
Ostrobothnia
Kainuu (KAI) 7 145—151
Lapland (LAP) 6 152—157
2.3 Foundation and closing years of
landfills
The foundation year was known for less than
40 % of landfills and the closing year was known
for almost all landfills. Almost 30 % of the land
fills were founded in the 1960s and 55 % of the
landfills were closed in the 1980s. The age of the
majority of landfills was 15—20 years (about
40 %) (Figs 2, 3,4).
2.4 Quality of wastes
In the survey 48 % of landfills were for household
and industrial wastes, 46 % of landfills were only
for household wastes, and 6 % of the landfills
were only for industrial wastes. Landfills which
were only for household wastes were, in general,
in small localities where there was no industry.
The industrial landfills were, in general, in indus
trial areas (Fig. 5).
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Table 4. Closed landfills in the survey.
No. REC Name of landfill No. REC Name of landfill
and location and location
(old landfill = vk)
1 UYK Iso-Huopalahti 24 HAM Lakalaiva
Helsinki Tampere
2 “ Mankkaa 25 Hervanta
Espoo Tampere
3 “ Vuosaari 26 Ikuri
Helsinki Tampere
4 Renko 27 Pirkkala, vk
Janakkala Pirkkala
5 “ Terrisuo 28 Kihniö, vk
Tuusula Kihnio
6 Volsi 29 Luopioinen, vk
Kirkkonummi Luopioinen
7 “ Sotunki 30 KAS Hutsuo
Vantaa Anjalankoski
8 “ Hollola, vk 31 Mataroja II
Hollola Myllykoski Oy
9 “ Lammi, vk Anjalankoski
Lammi 32 Mataroja 11!
10 Porvoo, vk Myllykoski Oy
Porvoo Anjalankoski
11 Hanko, vk 33 Salcsanaho, vk
Hanko Kuusankoski
12 LOS Peltola 34 A. Ahlstrom Oy, vk
Turku Kotka
13 Iilinjarvi 35 Hovinsaari
Naantali Kotka
14 Rymattyla 36 Muuralankuja
Rymattyla Kotka
15 Maksmaki 37 Koskela
Masku Luumaki
16 Nousiainen, vk 38 Nuppola
Nousiainen Luumaki
17 Raumantie 39 Kokkomaki
Raisio Ruokolahti
18 Luotsimnalci 40 Roihankylmii
Pori Parikkala
19 Kaharintie 41 Sarkisalmi
Rusko Parikkala
20 Vaha-Amerikka 42 Risttharju
Pori Parikkala
21 HAM Vuohijoki 43 Meltti
Mantta Hamina
22 Aetsa, vk 44 Saari, vk
Aetsa Saari
23 Yliskyla 45 Kesusmaa
Orivesi Saari
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Table 4 continued
No. REC Name of landfill No. REC Name of landfill
and location and location
(old landfill = vk)
Korvenkyla
Anjalankoski
Karhunkangas
Anjalankoski
Jitti, vk
Jitti
Ruokolammi
Imatra
Ukonlinna
Imatra
Siltalankyla
Pyhtäh
Kirkonkyla, vk
Pyhtaa
Oy Stockfors Ab
Pyhtaa
Melkumaki
Kuusankoski
Summa
Vehkalahti
Neuvoton
Vehkalahti
Husula
Vehkalahti
Vehkjarvi
Vehkalahti
Lahnajarvi
Ylhmaa
Lesti
Hartola
Rautvuori
Heinola
Pormestarin suo
Heinola
Uusisuo
Enorikoski
Laakkola
Haukivuori
Kippasuo
Heinola
Poyrynkyla, vk
Hirvensalmi
Kirkonkyla, vk
Joroinen
Kuvansi
Joroinen
Kaitainen
Joroinen
Kirkonkyla, vk
Jappila
Kirkonkyla, vk
Kangaslampi
Kirkonkyla, vk
Kangasniemi
Kirkonkyla, vk
Mantyharju
Paltanen
Pieksamhki
Punkasalmi
Punkaharju
Kirkonkylä, vk
Puumala
Arpiola
Ristiina
Viohonsuo
Savonlinna
Kirkonkyla, vk
Savonranta
Kirkonkyla, vk
Sulkava
Kirkonkyla, vk
Virtasalmi
Luokkisuo
Kuopio
Teerimaki
Juvankoski
Tulisalmi
Tuusniemi
Kirkonkyla, vk
Pielavesi
Kirkonkyla, vk
Vierema
Kirkonkyla, vk
Sonkajiirvi
Turunkangas
Juuka
Nurmes, vk
Nurmes
Viekki
Lieksa
Mätäsvaara
Lieksa
46 KAS
47
48
49
50
51
52
53
54
55
56
57
58
59
60 ESA
61
62
63
64
65
66
67
68
69 ESA
70
71
72
73
74
75
76
77
78
79
80
81
82 PSA
83
84
85
86
87
88 PKA
89
90
91
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Table 4 continued
No. NEC Name of landfill No. REC Name of landfill
and location and location
(old landfill = vk)
92 PKA Vuonislahti 114 LSU Huissi
Lieksa Ilmajolci
93 Hattuvaara 115 “ Raippaluoto
Lieksa Mustasaari
94 Valtimo, vk 116 “ Ekokyto
Valtimo Ylihärmä
95 Pankakoski, vk 117 “ Kainasto
(Enso-Gutzeit Oy) Ylistaro
Lieksa 118 “ Luoma
96 Lieksa, vk Peraseinajoki
Lieksa 119 “ Hakola
97 Viinijarvi Alaharma
Liperi 120 KSU Sirkkasuo
98 Niva Suolahti
Liperi 121 “ Kalaniemi
99 Onkamo Konginkangas
Tohmajarvi 122 “ Hukanmaki
100 Kankaanrinta Saarijarvi
Raakkyla 123 “ Kontysmaki
101 Hyponniemi Tikkakoski
Raakkyla 124 KPO Kirkonmaki
102 Haapasalmi Kokkola
Raakkyla 125 “ Kokkola, vk 1
103 Uimaharju, vk Kokkola
Eno 126 “ Kokkola, vk 2
104 Naurisoja Kokkola
Eno 127 “ Rimmi
105 Harpatti Kokkola
Eno 128 “ Kalajoki, vk
106 Penttila Kalajoki
Joensuu 129 “ Alavieska, vk
107 LSU Lellunneva Alavieska
Seinajoki 130 “ Ullava, vk 1
108 Rumavuori Ullava
Kuortane 131 “ Ullava, vk 2
109 Kiikku Ullava
Nurmo
110 Tuovila 132 “ Kirkkoharju
Mustasaari Kaustinen
111 Sulva 133 “ Linnuspera
Mustasaari Kokkola
112 Bjorkdby 134 “ Soko-oja
Mustasaari Kokkola
113 Orismala 135 PPO Olhava
Isokyro Ii
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Table 4 continued
No. REC Name of landfill No. REC Name of landfill
and location and location
(old landfill = vk)
136 PPO Soronen 147 KAI Kuusiranta
Ii Vuolijoki
137 Rytisuo 148 Otamaki
Haukipudas Vuolijoki
138 “ Saviharju 149 Ruijanmeri
Oulu Hyrynsalmi
139 “ Yli-Kiiminki, vk 150 Ristijhrvi, vk
Yli-Kiiminki Ristijarvi
140 “ Sanginjoki, vk 151 “ Kontiomaki, vk
Muhos Paltamo
141 “ Laitasaari, vk 152 LAP Liakka
Muhos Tornio
142 “ linatti 153 “ Anterovaara
Oulu Keminmaa
143 “ Toppilan tehdas 154 “ Kaitaharju
Oulu Tervola
144 “ Veitsiluoto Oy, vk 155 “ Peurapalo
Oulu Tervola
145 KAI Maasto 156 “ Salla, vk
Kajaani Salla
146 “ Multikangas 157 “ Kursu
Kuhmo Salla
cz:j Munlaipaay
ManIpaay and induatnj
Induatry
REC = Regional Environment Centre
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Fig. 5. The quality of wastes in landfills as a percentage
distribution.
2.5 Height and area
The height of the majority of landfills was under
5 m (55 %). About 25 % of landfills were between
5—10 m and 15 % were between 10—15 m. About
10 % of landfills were over 20 m high (Pig. 6).
0
Height of landfill
Fig. 6. The height of landfills as a percentage distribution.
The area of the majority of landfills was less than
0.5 hectare (about 40 %). About 30 % of landfills
were 0.5—2 hectares and about 15 % were be-
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tween 2—5 hectares. About more than 6 % of land
fills were 5—10 hectares and about 10 % of land
fills were over 10 hectares (Fig. 7).
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Fig. 7. The area of landfills as a percentage distribution.
2.6 Material of cover structures
The majority of landfills were covered by excess
soil (65 %). In those cases the landscaping of
landfills was also, in general, very poor. Sand and
silt were used as materials for cover structures in
6 % of landfills, gravel and moraine together cov
ered 6 % of landfills, clay 6 %, humus soil 1 %
and moraine 8 % of landfills. Other materials
such as peat, wood chips and asphalt were covers
for 7 % of landfills. The thickness of the cover
structures varied greatly. The greatest thickness
of surplus soils was over 20 m and the smallest
under 0.5 m. In a few cases there was a vegetation
layer on the landfills and its thickness varied be
tween 0.1—0.3 m. In most cases the surface struc
tures were poor at minimizing leachate waters
and in landscaping. Only a few landfills had a
good vegetation layer. Only two landfills had gas
removing structures (Fig. 8).
2.7 Failures
There have been failures in landfills in Finland. In
the autumn of 1985 there was a failure in the
Mankkaa landfill. It was caused by the placing of
loose soil on the landfill (Tonteri and Lindroos
1987; Viatek Oy 1990). In the Iso-Huopalahti and
Vuosaari landfills there have been failures due to
the wrongfull placing of loose soil in 1980. Be
fore dam safety legislation in Finland, there had
been several failures of sludge ponds in landfills
60
(Saarela 1986, 1988). The reasons for failures
have been inadequate planning, construction and
overfilling of sludge pond dams.
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Fig. 8. The material of cover structures as a percentage
distribution.
2.8 Erosion of slopes
The greatest erosion failures found were in the
Renko and Tuusniemi landfills (nos 4 and 84 in
Table 4). On the nonvegetated parts of the slope
on one 100 m wide strip there were erosion fail
ures which were between 1—2 m and their depth
was 20—3 0 cm. The slope was 1:2 and the length
was 10 m. There was also a slope of the same type
in an area with vegetation and it had no erosion
failures. On the Tuusniemi landfill a dense soil
layer was built in the summer 1990. The vegeta
tion surface was going to be built the next sum
mer. However, in only a few months there were
deep and great erosion failures on the slopes of
the landfill. The depth of the erosion failures was
20—30 cm and they were between 1—2 m on the
slope. The length of the slope was 20 m and the
breadth was 100 m and slope 1:2.
On the basis of this it can be said that on gentle
slopes great erosion failures can develop in a short
time if there is no vegetation to prevent erosion.
On the other hand, the slope can be deep and ero
sion failures do not develop if there is vegetation
which prevents erosion.
2.9 Enduse
The majority of landfills did not have a proper en
duse (80 %). The most developed enduse were
green and recreation areas built on landfills,
where many kinds of activities took place. There
was, for example, an airfield for airplane models
on the Mankkaa landfill, on the Iso-Huopalahti
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there was a training area for equestrian sports and
on several landfills there were motor sports areas.
Other ways of enduse were storage areas for in
dustry, compost areas and storage areas for sur
plus soils. Training areas for dogs and a feeding
area for wild animals were planned for some land
fills. From the results it was seen that the majority
of landfills have not been included in the active
landuse of the community (Fig. 9).
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Fig. 9. Landfill endusage as a percentage distribution.
2.10 Landscaping
The majority of landfills were not landscaped
(70 %). Complete landscaping was done on 9 %
of landfills and partly on 12 % of landfills. Land
scaped landfills were situated, in general, near
large cities (Fig. 10).
100
80
Landscaping should be one important part of the
closure of a landfill because it reduces leachate
waters by evaporation and helps a landfill merge
into the surroundings and returns the land into us
age. The landscaping of a landfill depends on its
size, location and enduse. A landfill near a large
city which is planned for recreational use needs
totally different landscaping from a small landfill
in a remote district. However, the aim of land
scaping for all types of landfills should be that
they cannot be recognized as former landfills and
even improve the original site.
2.11 Removal of landfills
Some landfills have been transferred to other
places in Finland for different reasons. The Kuu
silahti landfill containing oil wastes in Hameen
linna was moved to the Karanoja landfill in
Hameenlinna in 1988—1989. The amount of
wastes was 8 000 m3, moving distance 20 km and
costs were about 3.6 million FIM. (Virtanen, E.
1994, personal coimnunication, city of Hhmeen
linna).
The Noljakka landfill in Joensuu was removed
in 1987 by the city to another place. The amount of
the waste was 58 000 m3 and costs were 703 000
FIM. (Insinooritoimisto Paavo Ristola 1988). Half
of the landfill (200 000 m3) in Lakalaiva, Tampere
was removed to build a motorway in 1990 (Viatek
Oy 1988). The proposed removal plans of the
Luokkisuo landfill in Kuopio were due to the con
tamination of groundwater caused by the landfill,
but the move has not been realized. Partial tighten
ing of landfills with vertical structures has been
done in several landfills in Finland.
2.12 Control of leachate waters
The control of leachate waters of landfill was very
uneven due to the great differences in size, loca
tion and type of landfills. The control could vary
from a one-off sample to several annually taken
samples. About 40 % of landfills were or have
been under control. About one half of these land
fills (31) was in the estimation of environmental
consequences (Chapter 2.13). The majority of
landfills excluded were so old that there were no
control results or they were no longer a risk to the
environment (Fig. 11).
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Control of leachate
Fig. 11. The control ot leachate waters of landfills as a
percentage distribution.
2.13 Environmental consequences of
landfills
Two landfills have contaminated groundwaters.
Seven landfills have caused changes in the ground-
waters but they were not yet serious enough to be
classified as contaminating landfills. The situation,
however, needed control. Sixteen landfills have
caused changes to the ground- and surface waters
but the changes were not significant, due to the lo
cation of the landfills or other greater contamina
tion sources in the area. One landfill has caused for
many years, since closure, a higher contamination
in surface waters around the landfill. A lower level
of contamination was discovered after closure
around three landfills. Fig. 12 shows results as per
centage distributions. The following sources were
used in the estimation of environmental conse
quences of landfills: Assmuth etal. (1990), Espoon
kaupungin tekninen virasto (1990), Heinolan mik
(1988), Helsingin kaupungin vesi- ja viemarilaitos
(1989), Helsingin kaupungin ymparistonsuojelu
lautakunta (1988), Insinooritoimisto Paavo Risto
Ia Oy (1988, 1990), Jyvaskylan yliopisto, ymph
ristontutkimuskeskus (1988), Kokemaenjoen ye
sistön vesiensuojeluyhdistys (1990), Lounais-Suo
men vesiensuojeluyhdistys (1990), Maaja Vesi Oy
(1988), Maa ja Vesi Oy (1990 a, b, c), Peura
et al. (1988), Savo-Karjalan vesiensuojeluyhdis
tys (1989, 1990 a, b), Suolahden kaupunki (1990),
Suunnittelukeskus Oy (1990).
3 Conclusions
In the survey it was clearly seen that landfills in
Finland did not fullfill the requirements of mod
em landfill technology and the environmental re
quirements concerning planning, construction,
minimization of leachate waters, landscaping and
enduse. The observed deficiencies were due to the
fact that the research of waste management is a
new science and planners of waste management
have not had research results available for the
planning of surface structures. Many failures of
sludge ponds at landfills, before dam safety legis
lation, were also, in general, because structures
have not been planned and built properly.
On the basis of this survey a research project
was developed for further research:
— to make recommendations for measures to im
prove practice of landfill coverage in Finnish
conditions
— to make literature research concerning surface
structures and factors affecting them e.g. waste
characteristics, compression, settlement and
compaction of waste, landfill gas, vegetation
and landscaping
— to make choice of surface structure types for
Finnish conditions
— to develop and test the landfill cover model for
closure of landfills for Finnish conditions
— to combine the results of the study with the as
pects to be considered in the closing of land
fills.
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Appendix 3
The variables of LCAM
1 General
The variables required in LCAIVI are classified
into three categories:
- the physical characteristics of the soil layers
- the required parameters in calculating the infil
tration, surface runoff and surface layer runoff
which have only a partial physical interpreta
tion
- empirical variables which affect the quality
and condition of the plant stand.
After the selection of the weather conditions, the
user is requested to choose one of the following
alternatives:
1 = Adjust or correct the characteristics of the
soil types
2 = Adjust the variables related to infiltration
and drainage
3 = Adjust the variables related to the plant
stand
4 = Calculate with the values of the current
variables
5 = Output of the calculation in graphic form
9 = Terminate the performance of the pro
gram.
If the user wants to adjust or correct the variables
used in the calculations, then by selecting alterna
tive 1, 2 or 3, the values of the parameters of the
different categories can be changed. Each param
eter has been given in advance with the smallest
and largest possible value which the user cannot
go over or below. The program automatically
makes sure that the value of the variable stays
within permissible limits.
In the following chapters all the required pa
rameters of the LCAIVI are demonstrated, their
minimum and maximum values are given, and an
estimation is given whether it is necessary to
change the value of the parameter or not.
It is worth noting that the presented minimum
and maximum values, e.g. as far as hydraulic con
ductivity and layer thickness are concerned, do not
refer to the minimum values used in planning but
instead refer to the minimum and maximum val
ues accepted by LCAM.
2 The characteristics of the soil
layers
A usable porosity for the plants of the surface layer
This variable describes the difference of the mois
ture content between the moisture saturation and
the so-called wilting point by volume (not as per
centages). The most likely variation range for the
parameters in question is 0.3—0.5. The value of
the parameter is worth selecting individually.
Minimum value = 0.15. Maximum value = 0.7.
Values used in the testing of LCAM: Seutula 0.4,
Hbmeenlinna 0.37, Kuopio 0.40, Eura 0.35. Val
ues used in the simulations with LCAM: 0.4.
The thickness of the surface layer (mm)
When the thickness of the surface layer (mm) is
multiplied by the usable porosity for the plants,
the maximum amount of water available for evap
oration is obtained, Wn,ax.
Minimum = 10. Maximum = 1000.
Values used in the testing of LCAM: Seutula 300,
Hameenlinna 750, Kuopio 750, Eura 350. Values
used in the simulations with LCAM: 500.
The initial value of the soil water storage in the
spring
The initial value in calculating the soil water stor
age of the surface layer is given as a relative share
of the maximum value. A suitable value is proba
bly between 0.5—0.8.
Minimum value = 0.3. Maximum value = 1.0.
Values used in the testing of LCAM: Seutula 0.8,
Hbmeenlinna 0.8, Kuopio 0.75, Eura 0.80. Values
used in the simulations with LCAIVI: 0.7.
The hydrauic conductivity of the surface layer
(ms’)
The hydraulic conductivity of the surface layer
affects mainly the so-called quantity of the sur
face layer drainage. In other words, the drainage
component which moves above the hydraulic bar
rier in the surface layer. It is worth selecting the
value individually.
Mimimum value = 10.8. Maximum value =
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Values used in the testing of LCAM: Seutula
1063, Hameenlinna 1065, 10°, 10.80,
Kuopio 1065, l0, 10’, Eura 1062, 1070, 1078.
Values used in the simulations with LCAM: l0.
The limiting value of the soil water storage (relative
saturation degree), below which real evaporation
is smaller than potential
If the soil is too dry the plant stand is unable to
evaporate with maximum efficiency, instead part
of the stomata are closed and real evaporation re
mains smaller than the potential. On the basis of
findings from literature, the dryness of the soil
begins to restrict evaporation when the pF-value
is greater than 2.5—3.0, which corresponds in
many soil types to the relative saturation degree
of 0.5—0.8.
Minimum value = 0.5. Maximum value = 0.9.
Values used in the testing of LCAM: Seutula
0.80, Hameenlinna 0.75, Kuopio 0.75, Eura 0.80.
Values used in the simulations with LCAM: 0.7.
The thickness of the hydraulic barrier (mm)
The quantity of water going through the hydrau
lic barrier depends on the hydraulic conductivity
and the thickness of the hydraulic barrier and the
difference of the hydraulic potential between the
upper and lower surfaces of the hydraulic barrier.
Hydraulic potential on the lower surface of the
hydraulic barrier is given as start data and the
model calculates the hydraulic potential on the
upper surface of the hydraulic barrier.
Mimimum value 100. Maximum value = 1000.
Values used in the simulations with LCAM: 600.
The hydraulic conductivity of the hydraulic barrier
(m s’)
The hydraulic conductivity of the hydraulic barn
er has a linear connection with the infiltrating
quantities of water: the smaller the hydraulic con
ductivity, the less water infiltrates to the waste.
Minimum value = 10l. Maximum value = 10.
Values used in the simulations with the LCAM:
l0—10.
The drainage layer: thickness (mm), hydraulic
conductivity (m 5-’)
The thickness of the drainage layer can vary be
tween 0—500 nun, the slope between 0—20 % and
the hydraulic conductivity between 10—10 ms’.
Values used in the simulations with LCAM:
thickness 200,400 and hydraulic conductivity 10.
3 The limiting values related to
drainage and infiltration
The tilt of the slope (gradient)
In calculating the surface layer drainage, the tilt
of the slope is needed as a percentage.
Minimum value = 0 %. Maximum value =20 %.
Values used in the testing of LCAM: Seutula 5,
Hämeenlinna 7, Kuopio 6, Eura 8. Values used in
the simulations with LCAM: 5.
The average length of the slope (m)
The average length of the slope causes the relative
effect of the surface layer drainage to decrease
when the slope length increases.
Minimum value = 1. Maximum value 400.
Values used in the testing of LCAM: Seutula 100,
Hämeenlinna 80, Kuopio 70, Eura 30. Values
used in the simulations with LCAM: 80.
The start of the limiting value of the surface layer
runoff
In the model it is assumed that the relative satura
tion degree of the surface layer (WIWm,x) must be
greater than its limiting value before surface layer
drainage can occur. It is difficult to determine an
exact value for the variable but it is likely to be
between 0.4—0.8.
Minimum value = 0.10. Maximum value = 0.90.
Values used in the testing of LCAM: Seutula 0.6,
Hameenlinna 0.65, Kuopio 0.6, Eura 0.65. Values
used in the simulations with LCAM: 0.50.
The distance of drainage ditches in the direction of
the slope (m)
In light of the greatest tilt, drainage ditches placed
in cross direction remove water from the vegeta
tion layer where the quantity of water susceptible
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to infiltration decreases. If the user selects a dis
tance between the ditches greater than 50 metres,
then the program assumes that the drainage ditch
es have not been built at all.
Minimum value = 3. Maximum value = 100.
No drainage ditches in the testings and simula
tions
The relative saturation degree of the surface layer
in which infiltration begins to occur
This limiting value depicts the so-called field ca
pacity (pF-value 2) corresponding to the relative
saturation degree, which many soils used as sur
face layers have; and is between 0.60—0.90.
Minimum value = 0.50. Maximum value = 0.95.
Values used in the testing of LCAM: Seutula
0.73, Hameenlinna 0.65, Kuopio 0.75, Eura 0.75.
Values used in the simulations with LCAM: 0.70.
The quantity depicting the unevenness of the sur
face (mm)
If the surface layer is completely saturated with
water, then additional rain may cause so-called
surface runoff. If the surface of the soil is uneven,
then extra rain first forms as ponds in the lower
parts of the surface. The variable given here de
picts the unevenness of the surface, and thus the
greater the variable is, the less surface drainage
occurs. The value of the variable depicts the
thickness of the water layer collected in the lower
parts of the surface as though this layer would
have been evenly distributed throughout the en
tire area of the landfill.
Minimum value = 0. Maximum value = 30.
Values used in the testing of LCAM: Seutula 20,
Hameenlinna 25, Kuopio 20, Eura 25. Values
used in the simulations with LCAM: 15.
4 Parameters related to the plant
stand
Type of plant stand
0 = no growth at all
1 = grass
2 = treelike growth (e.g. willow thicket)
Minimum value = 0. Maximum value = 2.
The condition of the plant stand
The condition of the plant stand primarily affects
the development of the leaf surface of plants. The
more plants are assumed to suffer from dryness or
other stress (e.g. poor soil, poor nutrients), the
worse the condition of the plant stand and the
smaller the proportion of evaporation.
Minimum value = 0. Maximum value =10.
Values used in the testing of LCAM: 0. Values
used in the simulations with LCAM: 0-10.
The damping of radiation in the plant stand
Tje radiation absorbed by the plant stand is cal
culated in LCAM using the leaf surface and the
radiation damping factor. In literature the latter
variable has recommended values between 0.5
and 0.8. Constantly using the value 0.6 is com
pletely justified.
Minimum value = 0.4. Maximum value = 0.8.
Values used in the simulations of LCAM: 0.60.
The relative evaporation from the bare ground
Evaporation from the bare ground is clearly
smaller than the amount of water evaporated by
the plant stand. The ratio of the evaporation of the
bare ground to the evaporation of the ground
completely covered by plant growth has to be giv
en to LCAM. For example, according to Ettala’ s
measurements, the evaporation of bare ground is
approx. 50—60 % of that of a watered willow
thicket.
Mimimdm value = 0.25. Maximum value = 0.7.
Values used in the testing and in the simulations
of LCAM: 0.50.
Relative evaporation /grass
In a corresponding way to the aforementioned,
the ratio is determined by dividing the maximum
evaporation of grass by the evaporation of ground
completely covered by plant growth. The value of
the ratio is close to 1.
Minimum value = 0.7. Maximum value = 1.00.
Values used in the simulations with LCAM: 0.80.
The relative evaporation / tree growth
In a corresponding way to the aforementioned, the
ratio is determined by dividing the maximum evap
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oration of tree growth by ground completely cov
ered by plant growth. The ratio for willow thicket is
1.0, with some exceptions. However, the ratio val
ue for a sparse birch grove must be smaller.
Minimum value = 0.5. Maximum value = 1.0.
Values used in the simulations of LCAM: 0.90.
Maximum interception storage /grass
Some of the rain is retained on the surfaces of
plants and is immediately susceptible to evapora
tion once the rain has ceased. This quantity of in
terception evaporation depends on the density of
the plant growth and leaf surface. LCAJVI calcu
lates the entire time the plants’ leaf surface LAI,
and the size of the maximum interception (mm) is
obtained by multiplying the maximum size of the
interception storage LAI by the entered parame
ter. In literature the value of the variable for grass
is approx. 0.1—0.2.
Minimum value = 0.05. Maximum value 0.25.
Values used in the simulations of LCAM: 0.10.
Maximum interception storage / willow thicket
(dense tree growth)
This is the corresponding value as before, but for
dense tree growth. According to Ettala (l987a,
1988a), the proportion of interception may be
nearly a third of the total rain. The most likely
value of the parameter is approx. 0.25—0.50.
Minimum value = 0.1. Maximum value = 0.6.
Values used in the simulations of LCAM: 0.10.
5 The variables determined in the
program
The development of the plant stand’s leaf surface
is determined directly in the program. In the mod
el it is assumed that the growth period begins
when an effective temperature (when the average
temperature exceeds +5 °C) becomes greater than
some limiting value. After this the program be
gins to grow the leaf surface (LAI) which reaches
its maximum of 5.0 when some other effective
temperature limiting value has been reached. The
plant stand remains green until the third critical
temperature has been reached in autumn, after
which the LAI begins to decrease. The limiting
values of the temperatures have been obtained
from the Agricultural Department of the Univer
sity of Helsinki.
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